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Summary 
 
Sediments are a major issue for many scientists and authorities due to their close linkage to the aquatic 
food web and their potential to accumulate pollutants. Therefore, the European Water Framework 
Directive (EWFD) implements a daughter directive, which requires from the member states that the 
concentration of 33 priority pollutants should not increase above levels given by environmental quality 
standards defined in the regulation for sediments and biota. However, there is still need for basic 
research in order to fulfill this legal obligation. Persistent pollutants are mostly adsorbed to suspended 
matter of sediments. As long as persistent pollutants are adsorbed to the sediment, they are not 
available to pelagic organisms, but can experimentally be made available with extraction methods for 
assessment purposes. Since almost all pollutants of a given sample are extracted, exposure to sediment 
extracts is considered to present a worst-case scenario. However, even adsorbed pollutants can pose a 
threat to aquatic organisms if remobilized to the water phase via bioturbation or flood events. 
Exposure to native sediment samples provides an ecologically highly relevant and realistic exposure 
scenario, which takes bioavailability into account and simulates in situ exposure conditions. Therefore, 
the scope of the present study was the development and application of sediment contact bioassays with 
different biological endpoints (teratogenicity, embryotoxicity, dioxin-like activity, gene expression 
analysis). On the one hand these biological parameters were investigated and on the other hand 
chemical analyses were performed. Since zebrafish larvae are being increasingly used in 
ecotoxicological investigations, it is crucial to understand their xenobiotic metabolism processes. The 
present PhD thesis has a strong focus on investigating the activity and the expression of the CYP1 
family in early-life stages of zebrafish. Thus, the fish embryo EROD assay (FE-EROD) was developed 
to determine their basal and induced enzymatic activity with the measurement of 7-ethoxyresorufin-O-
deethylase (EROD) activity. This newly developed FE-EROD assay is a combination of the in vitro 
cell line EROD assay and the sediment contact assay using zebrafish embryos. In addition, the induced 
and basal mRNA expression was investigated using quantitative real-time PCR (qPCR).  
The cytochrome P450 1 gene family comprises of five CYP1 genes in four subfamilies in zebrafish: 
cyp1a, cyp1b1, cyp1c1, cyp1c2 and cyp1d1. All of these cytochromes are part of the embryo´s 
xenobiotic metabolism and except for cyp1d1 they are all mediated by the aryl hydrocarbon receptor 
(AhR). Thus, cyp1a, cyp1b1, and the cyp1c’s were investigated across embryonic development with 
different exposure times (48, 72, 96, 120 and 72-96 hpf). 
For the present study, three sediment samples were chosen - two from the Rhine River 
(Ehrenbreitstein and Altrip) and one from the Vering canal (Hamburg). Embryos were exposed to 
different exposure scenarios (freeze-dried whole-sediment samples, extracts and four fractions) and 
tested in the Fish Embryo Toxicity (FET) test, the sediment contact assay (SCA) as well as in the 
newly developed FE-EROD and qPCR after in vivo exposure to whole embryos of the zebrafish. On 
the one hand, the newly developed and established test systems should be tested for suitability. On the 
other hand, a comprehensive analysis of the sediment samples should elucidate the involved 
mechanisms. Additionally, the three sediment samples were fractionated due to their polarity to 
determine the active substances or substance classes which caused the observed effects. Of special 
interest was the analysis of the non-priority pollutant class of heterocyclic compounds. This substance 
class is suspected to induce EROD and to account for a portion of the observed toxicity in sediments. 
The sediment sample from the Vering canal showed the overall strongest toxic potential, followed by 
Altrip and Ehrenbreitstein. These results were underlined by the results of the chemical analysis: A 
high concentration of PAHs and heterocyclic compounds were found in the Vering canal extract. The 
samples from Altrip and Ehrenbreitstein showed a moderate contamination with PAHs and only minor 
concentrations of heterocyclic compounds. The prevalent teratogenic effects in all three sediments 
were a general retardation of the embryos, edemas of heart and yolk sac, absence of pigmentation, 
non-detachment of the tail and deformation of the spine. Additionally, the sediments samples from 
Altrip and the Vering canal showed a reduced hatching rate. It seems that these observed results were 
mediated by the AhR. These results were confirmed by the results of the fractions: same teratogenic 
effects were observed in the fraction 2 of the Vering canal. Furthermore, the teratogenic effects were 
found in the same fraction that also induced in the FE-EROD. 
The newly developed FE-EROD is suitable to investigate EROD activity in different exposure 
scenarios. It was shown that the EROD activity was first significantly induced in all sediment samples 
after 96 hpf in exposed embryos. The mRNA pattern observed in basal conditions was very distinct for 
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each gene investigated. All transcripts were induced by the potent AhR-agonist β-NF and the three 
tested freeze-dried sediments. Cyp1a showed the strongest induction, being up-regulated up to 380-
fold. Interestingly, mRNA of CYP1s was found after 48 hpf after exposure to β-NF or sediment 
samples, whereas the protein was delayed and not present until 96 hpf. At earlier times activity of the 
enzymes might be hindered by posttranslational modifications. Moreover, it has been shown that the 
FE-EROD is suitable for being used in bioassay-directed fractionation processes. The results clearly 
showed EROD activity in the fraction 2 of all sediment samples. This fraction contains, among other 
classes, PAHs. In literature it is known that some of the PAHs are strong EROD inducers. 
Interestingly, the fraction 3 and 4 of the Vering canal showed also a high EROD activity. These 
fractions contain the more polar and polar substances classes like heterocyclic compounds. The 
analysis of the priority substances only often does not explain the observed results. Therefore, twelve 
heterocyclic compounds were investigated with the FET. The heterocyclic compounds showed 
moderate to strong embryotoxicity. These results clearly documented the need to investigate also non-
priority compounds to explain the observed biological effects. However, sediments contain a complex 
mixture of contaminants. Therefore, synergistic and antagonistic effects must be taken into account. 
These were manifested in the results of the four alumina fractions: no embryotoxic potential could be 
found in any of the fractions, whereas the crude extract and the freeze-dried sediment samples showed 
a moderate embryotoxicity. These results indicated that synergistic and antagonistic effects may play a 
role in the both Rhine River sediment samples. 
The present study clearly shows the relevance of sediments in order to achieve the goals of the EWFD. 
Beside established acute toxicity tests like the FET and SCA mechanism-specific bioassays will give 
more information about the toxic potential of sediments like the expression and activity of CYP1s. 
Such mechanism-specific bioassays provide results in a concentration range where acute effects are 
not visible, as the highest concentration was the LC10. The in the FE-EROD included biomimetic 
exposure on whole sediments takes the bioavailability into account. The newly developed test system 
is comparable as it indicated toxicity in the same samples as the FET and the SCA. On the one hand, 
the investigation of the both Rhine River sediment extracts revealed a higher embryotoxicity and 
EROD activity than the exposure to the freeze-dried sample. On the other hand, the results of the 
Vering canal have shown that the freeze-dried sample can possess a comparable or higher toxicity than 
organic extracts. Therefore, a combined approach is recommended to determine the overall and 
bioavailable hazard potential. As mentioned before, the identification of compounds responsible for 
toxicity in environmental samples is of highest interest in order to update the priority list and their 
further regulation. Our results underline this need of comprehensive analyzes of complex 
environmental samples, and, in particular, to include further and recently determined substance classes 
of concern like the NSO-HETs. 
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Die Europäische Wasserrahmenrichtlinie (WRRL) schreibt als zu erreichendes Qualitätsziel den guten 
ökologischen Zustand von Gewässern bis zum Jahr 2015 vor. Im Erreichen dieser Ziele spielen die 
Sedimente eine bedeutende Rolle, da Chemikalien an diese sorbieren und sich so im Sediment 
anreichern können. Diese gebundenen Schadstoffe können durch bestimmte Umweltereignisse, wie 
Hochwasser, allerdings wieder verfügbar werden und so ein schädigendes Potential für 
Wasserorganismen darstellen. Aus diesem Grund wurde eine Tochterdirektive der WRRL gegründet, 
die besagt, dass die Konzentration von 33 prioritären Schadstoffen eine bestimmte Konzentration im 
Sediment nicht überschreiten dürfen. Diese Konzentrationen sind für die einzelnen Schadstoffe durch 
sogenannte Umwelt Qualitätslevel gegeben. Trotz allem besteht noch großer Forschungsbedarf im 
Hinblick auf die Untersuchungen von Sedimenten. In der Vergangenheit wurden Sedimente meistens 
nach Überführung in die wässrige Phase mit Hilfe eines organischen Lösungsmittels und mit in vitro 
Zelllinien untersucht. Dies hat zur Folge, dass das Potential toxischer Schadstoffe in Sedimenten 
häufig überschätz wurde. Außerdem wurde auf diese Weise das bioverfügbare Schädigungspotential 
von Sedimenten nicht mit berücksichtigt, dass aber gerade im Hinblick auf die Extrapolation auf 
Feldsituationen ein ökologisch sehr relevantestes Szenario darstellt, da es eine in situ Exposition 
simuliert. Aus diesem Grund war das Ziel der vorliegenden Arbeit neue Sedimentkontakttests zu 
entwickeln, um das bioverfügbare Schädigungspotential auf akut (Embryotoxizität und Teratogenität) 
und mechnismusspezifische (EROD Aktivität und Änderung der Genexpression) Effekte hin 
untersuchen zu können. Zebrafisch Embryonen und Larven spielen in ökotoxikologischen 
Untersuchungen eine immer bedeutendere Rolle. Gerade deshalb ist es zwingend nötig mehr Wissen 
über den Fremdstoffmetabolismus der Zebrafisch Embryonen und Larven zu erfahren. Die Cytochrom 
P450 1 (CYP1) Gen-Familie beinhaltet in Zebrafischen vier Unterfamilien: cyp1a, cyp1b1, cyp1c1, 
cyp1c2 und cyp1d1. Bis auf cyp1d1 sind alle am Fremdstoffmetabolismus beteiligt und werden über 
den Arylhydrocarbon Rezeptor (AhR) vermittelt. Deshalb wurden, im speziellen, Testsysteme 
entwickelt bzw. etabliert und optimiert, mit denen die Aktivität und Expression der CYP1 Familie in 
frühen embryonalen Stadien des Zebrafisches untersucht werden können. Der neuentwickelte 
Fischembryo EROD Assay (FE-EROD) ist eine Kombination aus dem Fischembryo Toxizitätstest 
(FET) und dem zellbasierten EROD Assay. Mit diesem neu entwickelten FE-EROD Assay lässt sich 
die AhR-vermittelte Toxizität und Aktivität der CYP1 Proteine nach in situ Exposition untersuchen. 
Um ebenfalls mehr über die Expression der CYP Gene im sich entwickelnden Embryo zu erfahren; 
wurde parallel zum FE-EROD die quantitative real-time PCR (qPCR) angewandt. Die basale und 
induzierte Aktivität und Expression der CYP Familien während der Embryonalentwicklung wurden zu 
unterschiedlichen Zeitpunkten (48, 72, 96, 120 und von 72-96 Stunden nach Befruchtung) mit den 
beiden Methoden untersucht. Für die Studien wurden drei Sedimente mit unterschiedlichen 
Schädigungspotentialen ausgesucht - zwei aus dem Rhein (Altrip und Ehrenbreitstein) und eins aus 
dem Vering Kanal (Hamburg). Die Embryonen wurden verschiedenen Expositionspfaden der 
Sedimente ausgesetzt (Extrakte, gefriergetrocknete Sediment und Fraktionen) und im FET, 
Sedimentkontakttest (SKT), sowie dem neu entwickelten FE-EROD und der qPCR untersucht. Zum 
einen sollten auf diese Weise die neuentwickelten bzw. etablierten Testsysteme auf ihre Tauglichkeit 
hin untersucht werden. Zum anderen sollte so eine umfassende Analyse der Sedimentproben erfolgen, 
um mehr Informationen über die beteiligten Mechanismen zu erfahren. In einem weiteren Teil der 
vorliegenden Arbeit wurden die Sedimentproben auf ihre Polarität hin fraktioniert und anschließend 
im FET und FE-EROD Assay untersucht, um die Schadstoffe bzw. Schadstoffgruppen zu 
identifizieren, die die untersuchten Effekte verursachen. Ein besonderes Augenmerk wurde dabei auf 
die heterozyklischen aromatischen Kohlenwasserstoffe gelegt, die in Verdacht stehen vor allem EROD 
zu induzieren. 
Die Probe vom Vering Kanal zeigte durch alle angewendeten Testsysteme das stärkste toxische 
Potential gefolgt von Altrip und Ehrenbreitstein. Dieses Ergebnis wird durch die Chemieanalyse der 
drei Sedimentproben gestützt: Die Probe aus dem Vering Kanal zeigte einen starken Belastungsgrad 
an polyzyklischen aromatischen Kohlenwasserstoffen (PAKs) und heterozyklischen Substanzen, 
während die beiden Rhein Sedimente nur eine moderarte Belastung an PAKs und eine geringe 
Belastung an Heterozyklen zeigten. Die häufigsten teratogenen Effekte in allen drei Sedimenten waren 
generelle Unterentwicklung, Ödeme am Herzen und dem Dottersack, unpigmentierte Embryonen, 
nicht Ablösung des Schwanzes und Wirbelsäulendeformation. Zusätzlich wurde eine verminderte 
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Schlupfrate bei den Embryonen festgestellt, die mit den Sedimenten aus Altrip und dem Vering Kanal 
belastet wurden. Diese beobachteten Effekte scheinen durch den AhR-mediiert zu sein. Unterstützt 
wird diese Vermutung durch die Untersuchung der Fraktionen, da nur diese Fraktionen die 
beschriebenen Effekte zeigen, die ebenfalls auch EROD induzieren. 
Der neuentwickelte FE-EROD zeigte sich als geeignet zur Untersuchungen von verschiedenen 
Expositionspfaden komplexer Umweltproben und zur Untersuchung von Monosubstanzen. 
Signifikante EROD Aktivität in allen Sedimenten wurde allerdings erst 96 h nach Befruchtung 
gemessen. Ein klares Muster der mRNA aller gemessenen Gene (cyp1a, cyp1b1, cyp1c1, cyp1c2) war 
sehr deutlich zu erkennen. Alle Transkripte wurden durch den potenten AhR-Agonisten 
ß-Naphthoflavon und die gefriergetrockneten Sedimente hochreguliert. Trotz allem zeigte cyp1a die 
deutlichste Induktion mit einer Hochregulierung von bis zu 380-fach. Interessanterweise zeigte sich 
die Hochregulierung der Gene bereits nach 48-stündiger Exposition, während das Protein erst deutlich 
später aktiv ist. Zu den früheren Zeitpunkten scheint die Aktivität der CYP Proteine durch 
posttranskriptionales Silencing behindert zu werden.  
Es konnte außerdem gezeigt werden, dass sich der neue FE-EROD Assay auch für die Bioassay-
dirigierte Analyse anwenden lässt. Eine deutliche EROD Aktivität wurde in der Fraktion 2 aller drei 
Sedimente, welche unter anderem PAKs beinhaltet, beobachtet. Dieses Ergebnis ist nicht sehr 
verwunderlich, da aus der Literatur bekannt ist, dass PAKs durch den AhR-mediiert werden und 
EROD induzieren. Allerdings zeigten die Fraktionen 3 und 4 ebenfalls eine vergleichbar hohe EROD 
Aktivität in der Probe vom Vering Kanal. Diese Fraktionen beinhalten die polaren und sehr polaren 
Substanzen zu denen auch die Heterozyklen gehören. Diese Ergebnisse zeigten, dass die beobachteten 
Effekte nicht nur auf die prioritären Schadstoffe zurückgeführt werden können, sondern, dass die nicht 
prioritären Schadstoffe ebenfalls einen Teil der Effekte verursachten. Aus diesem Grund wurde in 
einem weiteren Teil der vorliegenden Arbeit das embryotoxische Potential von zwölf heterozyklischen 
aromatischen Kohlenwasserstoffen mit einem inkorporierten N, S oder O auf die Zebrafisch 
Embryonen untersucht. Es konnte für alle untersuchten Heterozyklen ein starkes bis moderates 
embryotoxisches Potential beobachtet werden. Dieses Ergebnis demonstriert die Wichtigkeit auch 
nicht prioritäre Schadstoffe mit in die Untersuchung einzubeziehen, um die beobachteten Effekte 
erklären zu können. Allerdings muss bei der Untersuchung von Sedimenten berücksichtigt werden, 
dass es sich um ein komplexes Gemisch von Schadstoffen handelt, die auch durch synergistische und 
antagonistische Effekte erst ihre volle Wirkung zeigen. Dies stützen die Ergebnisse der Fraktionierung 
aus dem Rhein. In keiner der beiden Rhein Proben konnten embryotoxische Effekte in den vier 
Fraktionen gefunden werden, während das Gesamtextrakt und auch die gefriergetrocknete Probe 
moderate Effekte zeigten. Diese Ergebnisse deuten darauf hin, dass in den beiden Rhein Proben 
synergistische und antagonistische Effekte eine wichtige Rolle spielen. 
Die Ergebnisse der Studie zeigen klar, dass Sedimente im Erreichen der WRRL eine bedeutende Rolle 
spielen. Zwar sind gerade persistente Schadstoffe an den Sedimentpartikeln gebunden, diese können 
jedoch durch Ereignisse wie Hochwasser, wieder remobilisiert und so für Wasserorganismen 
verfügbar werden. Neben den bereits etablierten akuten Testsystemen, wie dem SKT, können 
neuentwickelte mechanismusspezifische Testsysteme zusätzliche Informationen über die beteiligten 
Mechanismen liefern wie z.B. die Aktivität und Expression der CYP1 Familie. Solche 
mechanimusspezifischen Biomarker zeigen häufig schon in Konzentrationsbereichen Effekte, die 
unterhalb des LC10 liegen und in Akuttest noch keine Ergebnisse liefern. Dabei liefert die Exposition 
mit natürlichen Sedimenten das ökologisch realistischste Szenario, da die Bioverfügbarkeit der 
potentiell toxischen Schadstoffe mit einbezogen wird. Die Ergebnisse der Extrakte im Vergleich mit 
den gefriergetrockneten Proben zeigen außerdem die Notwendigkeit sowohl Extrakte als auch native 
Sedimente zu untersuchen. Auf diese Weise werden zum einen eine Überschätzung und zum anderen 
eine Unterschätzung des Gefährdungspotentials von komplexen Umweltproben ausgeschlossen. 
Zusätzlich zeigten die Ergebnisse der Bioassay-dirigierten Fraktion, dass die Untersuchung der 
prioritären Schadstoffe alleine nicht ausreichend ist, um die gefundenen Effekte erklären zu können. 
Die Identifizierung von neuen sehr effektiven Schadstoffen ist besonders wichtig, um die 
Schadstoffliste überarbeiten zu können. Dabei kann die Kombination aus Fraktionierungsprozessen 
mit anschließender Biotestung und chemischer Analyse einen wichtigen Beitrag leisten, um die 
effektiven Schadstoffe identifiziert werden, die für die Effekte verantwortlich sind.  
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1.1  General introduction 
Animals and humans have always been and are continuously exposed to contaminants in their 
environment. These can be natural (e.g. heavy metals or polycyclic aromatic hydrocarbons 
(PAHs)) as well as man-made contaminants. The entry routes into the ecosystem differ 
widely. Naturally occurring contaminants are released in association with forest fires or the 
weathering of rocks, whereas man-made contaminants enter the ecosystem through 
unintended release in the course of human activities, during the disposal of waste (e.g. sewage 
or industrial effluents) or are deliberately applied in the form of biocides (Walker et al. 2006). 
When contaminants are released into the environment they are transported by air, water, soil 
or sediment. In contact with biota uptake or association can occur. These compounds can 
thereafter be transported biologically through biomagnifications along trophic chains. 
 
1.1.1. The European Water Framework Directive (EWFD) 
The aquatic ecosystem functions not only as a solvent reservoir for organic and anorganic 
compounds but also as a transportation system for chemicals or particle-bound chemicals 
(Kosmehl et al. 2007). Thus, chemical pollution of aquatic ecosystems is a key environmental 
problem in almost all parts of the world (Rockstrom et al. 2009). 
The European Water Framework Directive (EWFD 2000/60/EC) established a framework for 
the protection of all waters. This new approach includes replacing, merging, and renewing of 
the previous protection policies of the 1970s and provides a more consistent, transparent and 
comprehensive conception. The EWFD intends to establish a good ecological and chemical 
condition of surface waters in European rivers until the year 2015 (Bald et al. 2005, Wilby et 
al. 2006, Wolfram et al. 2012). The EWFD is double tracked: On the one hand, community 
wide, substances of concern were selected (EWFD 2000/60/EC), and, on the other hand, 
member states have to take measures at the river basin level to manage prioritized pollutants 
(Förstner & Westrich 2005). Identification of substances of concern for surface waters and 
development of control measures are set on Article 16 of the EWFD, and priority substances 
are listed and were adopted in Decision No. 2455/2001/EC (EU 2001). To reach the goals, 
another directive was implemented setting environmental quality standards (EQS) for the 
priority substances (Table 1.1). Furthermore, emission as well as losses and discharge of 
priority substances will have to be reduced (Crane 2003). 
Sediment toxicology plays a major role in the intension of the EWFD (Brils 2008). However, 
sediment quality and ecotoxicological effects of sediment borne contaminants were not 
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considered in the EWFD at the beginning (Bartzke et al. 2010). Thus, Article 2 of the EWFD 
daughter directive (EC 2008) was implemented which requires from the member states that 
the concentration of 33 priority pollutants (Parts A and B of Annex I; EC 2012) should not 
increase above levels given by EQS defined in the regulation for sediments and biota 
(Coquery et al. 2005, EC 2012, Lepom et al. 2009); Table 1.1). According to the EWFD, good 
ecological and chemical status of water bodies is obtained when the concentration of the 
priority substances in water, sediment or biota are below the EQS.  
But also non-priority substances should be taken into account (Hecker & Hollert 2009). The 
investigation of only the 33 priority substances is not sufficient, because these compounds 
often do not explain effects of contaminated sites (Brack et al. 2007). Thus, the identification 
of compounds responsible for toxicity in environmental samples is of highest interest in order 
to update the priority list and their further regulation (Regueiro et al. 2013). Several studies 
using the concept of effect-directed analysis and mass balance calculations concluded that e.g. 
heterocyclic aromatic substances with an incorporated nitrogen, sulfur or oxygen (NSO-HET) 
contributes significantly to the ecotoxicological hazard of water, sediment and soil samples 
(Brack et al. 2007, Keiter et al. 2008, Wölz et al. 2008). For example, Grund et al. (2010) 
demonstrated that, among others, N-heterocyclic compounds were identified as priority 
fractions for the aryl hydrocarbon receptor (AhR)-mediated activity. NSO-HETs are also 
known to show a large range of ecotoxic effects, e.g. acute toxicity, developmental and 
reproductive toxicity, cytotoxicity, photo-induced toxicity, mutagenicity, and carcinogenicity 
(Barron et al. 2004, Brack & Schirmer 2003, Bundy et al. 2001, Eisentraeger et al. 2008, 
Robbiano et al. 2004). Moreover, some studies have shown that NSO-HETs bioaccumulate in 
aquatic organisms, and acute toxicity has been reported for Daphnia, midge, and algae 
(Eisentraeger et al. 2008, Jung et al. 2001, Robbiano et al. 2004). 
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Table 1.1: Priority substances list with environmental quality standards (according to EC 
(2012) and Lepom et al. (2009)).  
Substance name EQS [µg/L] 
1) Arochlor 0.3 
2) Anthracene 0.1 
3) Antrazine 0.6 
4) Benzene 10 
5) Brominated diphenyl ether 
 
4.9 10
-8 
6) Cadmium and its compounds 
1 ≤ 0.08-0.25 
7) C10-13 Chloroalkenes 
 
0.4 
8) Chlorfenvinphos 0.1 
9) Chlorpyrifos 0.03 
10) 1,2-Dichloroethene 10 
11) Dichloromethane 20 
12) Di(2-ethylheyxyl)phthalate 1.3 
13) Diuron 0.2 
14) Endosulfan 0.005 
15) Fluoroanthene 0.0063 
16) Hexachlorobenzene 0.01 
17) Hexachlorobutadiene 0.1 
18) Hexachlororcyclohexan 0.02 
19) Isoproturon 0.3 
20) Lead and its compounds 
 
1.2 
2
 
21) Mercury and its compounds 0.05 
22) Naphtalene 2  
23) Nickel and its compounds 
 
4 
2
 
24) Nonylphenol 0.3 
25) Octylphenol 0.1 
26) Pentachlorobenzene 
 
0.007 
27) Pentachlorophenol 
 
0.4 
28) Poly aromatic hydrocarbons 
3 
1,7 10
-4 
29) Simazine 1 
30) Tributyltin compounds 0.0002 
31) Trichlorobenzene 0.4 
32) Trichloromethan 2.5 
33) Trifluralin 0.03 
1 
EQSs vary depending on the water hardness. Five classes were identified: 1) < 40 mg CaCO3/l; 2): 40 to < 
50 mg CaCO3/l; 3): 50 to < 100 mg CaCO3/l; 4): 100 to <200 mg CaCO3/l und 5): ≥ 200 mg CaCO3/l 
2 
EQSs refer to the bioavailable concentration of the compound 
 
3 
EQS based on benzo(a)pyrene`s toxicity as a marker compound for the other PAHs 
 
 
1.1.2. Sediments 
Sediments in marine and freshwater systems are complex dynamic matrices composed of 
organic matter in various stages of decomposition, particulate mineral material that varies 
both in size and chemical composition, and inorganic material of biogenic origin e.g. diatom 
frustules and calcium carbonate (Chen & White 2004). The most problematic compounds for 
regulative issues are not primary the water soluble but the lipophilic, persistent and 
bioaccumulativ substances. Whereas dissolved compounds remain easily available in the free 
water column for aquatic organisms, less soluble substances like PAHs, dioxins and 
polychlorinated biphenyls (PCBs) have a high affinity to adsorb to dissolved organic matter or 
particles (Guzzella et al. 2005, Tusseau-Vuillemin et al. 2007). After adsorption, the 
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immobilized contaminants settle into the sediment and become less available for organisms 
(Schneider & Reincke 2006, von der Heyden & New 2004). Moreover, due to their 
persistence, the world wide number of contaminated sites continuously increases and has 
developed to a significant global problem and regulatory issue (Harkey et al. 1994). 
Sedimentation of pollutants is, in the short term, an improvement of the habitat of pelagic 
organisms. Their presence in the water column is decreased and with it their observed toxicity 
(Eggleton & Thomas 2004). However, pollutants are accumulated in the sediment and, thus, 
pose a potential threat to benthic organisms. Subsequently, this may be a starting point for 
entry of remobilized compounds into the food web (Thomas et al. 2002). Even today 
substances like dioxins, furans, PAHs and PCBs still pose a threat to the aquatic environment. 
Naturally occurring events such as storms, currents and flood events (Hollert et al. 2014), as 
well as human activities like dredging (Koethe 2003), deposition of dredged sediment and 
trawling, can cause sediments to resuspend. Through these actions the sediment associated 
pollutants can enter the water body again (Eggleton & Thomas 2004). Furthermore, 
resuspension can be caused by changes in the chemical properties of sediments such as pH 
and oxygen level, which can lead also to a remobilization of pollutants. Sediments are 
therefore a very important factor for the water quality of aquatic systems as they not only 
represent a sink for water soluble pollutants but also, in certain cases, a source for water 
pollution (Ahlf et al. 2002).  
Historically sediment assessment was conducted through chemical-analytic methods (Brack et 
al. 2003). Yet as sediments can contain a complex mixture of toxic compounds it is important 
to conduct biological tests in combination with chemical analysis (Hollert et al. 2009a). These 
comprise the impacts of all substances, their synergistic or antagonistic effects, and the 
metabolism in the organism. Toxicity tests with prokaryotic bacteria and tests with 
invertebrates are well established for the evaluation of sediment toxicity (Chen & White 2004, 
Ingersoll et al. 1995). In vivo tests with intact organisms such as fish are highly controversial 
because of poor reproduction and ethical conflicts (Hallare et al. 2011). Therefore, in vitro 
cell culture tests and early-life stage tests with fish embryos have been applied in recent years 
for the investigation of particle-bound pollutants (Braunbeck & Lammer 2005, Hallare et al. 
2005a, Hollert et al. 2003, Kosmehl et al. 2006, Nagel 2002). For a prospective assessment of 
particle-bound pollutants several criteria are of particular importance. The evaluation of 
native sediment or particulate matter samples has the highest ecological relevance, because it 
incorporates the actual bioavailability of pollutants and simulates in situ exposure conditions 
(Chapman & Hollert 2006, Feiler et al. 2005, Heise & Ahlf 2005, Hollert et al. 2003). 
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However, several endpoints including dioxin-like activity in cell culture based test systems 
can only be investigated after transfer of the particle-bound pollutants to the aqueous phase 
using extraction methods (e.g. Soxhlet extraction). Organic sediment extracts can be used to 
demonstrate the impairment of organisms by lipo-soluble substances in the long term by 
exposing them for a short time (Hollert et al. 2009a) and, thus, representing a worst-case 
scenario. Furthermore, sediment extracts not only include anthropogenic pollutants but also 
natural substances. Hence, the toxicity of sediment extracts is not only associated with 
anthropogenic pollutants (Gagné et al. 1999). Additionally, the actual bioavailability of these 
compounds was not taken into account and may be overestimated to the situation in the field. 
As a result, there is an urgent need to develop sediment contact assays to assess the 
bioavailable burden of contaminant of the aquatic compartment that reflect the field hazard 
potential and to identify chemicals of concern (Feiler et al. 2013, Hollert et al. 2003). 
Furthermore, sediments are complex mixtures and need to be investigated considering both 
synergistic and antagonistic effects. The relevance of the monitored effects has also to be 
included.  
In this context, whole-sediment exposure protocols should be applied to assess contamination 
with e.g. dioxin-like compounds, which may provide a more realistic scenario to simulate in 
situ exposure conditions (Feiler et al. 2005, Höss et al. 2010, Triebskorn et al. 1997). Today, 
there is a lack of knowledge about processes during exposure that finally leads to the observed 
effect (e.g. genotoxicity, AhR-mediated toxicity, gene regulation). Thus, there is an urgent 
need to investigate the underlying processes with molecular methods such as expression of 
stress genes (e.g. glutathione-s-transferees (GST), Cytochrome P4501A (CYP1A), 
7-ethoxyresorufin-O-deethylas (EROD)) and metabolic pathways to gain information on 
function and relevance of bioassays. This research has to be supported by chemical data to 
obtain a complete understanding. 
To fulfill this needs, in this study, protocols for bioassays have been developed to assess the 
toxicity of sediment-bound pollutants and furthermore to investigate them with a more 
realistic exposure scenario. These bioassays are based on the Fish Embryo Toxicity (FET) test 
with zebrafish (DIN 2009). According to its international importance and standardization as 
an alternative test method (Braunbeck & Lammer 2005, Nagel 2002, Scholz et al. 2008, 
Strähle et al. 2012) and due to its suitability to detect particle-bound substances (Hollert et al. 
2003, Kosmehl et al. 2006, Rocha et al. 2011) this test system was chosen. Finally, in order to 
investigate mechanism-specific effects of toxicological responses, there is an urgent need to 
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combine sediment contact assays with gene expression analysis with respect to sediment-
induced toxicity. 
 
  Introduction of the DanTox-project 1.2.
As already described before, the EWFD aims to achieve a good ecological and chemical 
status in surface water of European rivers by the year 2015. In order to fulfill this legal 
obligation, acquisition of new knowledge from basic research definitely plays a huge role. In 
particular, since sediments and particulate matters are well known for being sinks and 
secondary sources for pollutants, applied sediment toxicology is of major relevance in 
achieving the objectives set by the EWFD (Förstner 2008, Wölz et al. 2008). The climate 
change induces extreme weather conditions which could remobilize and expose sediment 
associated contamination (EWFD—Guidance document no. 24, Wölz et al. 2008). According 
to the German Strategy for Adaptation to Climate Change, the implementation of the EWFD 
and the Directive 2007/60/EC (Assessment and Management of Flood Risks) will necessitate 
the conduct of different research activities to be supported by the Federal Cabinet under 
consideration of different methodical aspects. Initially, sediment quality was not integrated in 
the EWFD. Meanwhile, many studies on the effects of contaminated sediments on different 
aquatic ecosystems (e.g. Blaise et al. 2004, Chen & White 2004, Kammann et al. 2004, 
Verweij et al. 2004) clearly demonstrate that sediment contamination as a global phenomenon 
is still underestimated. Detailed studies on sediment and soil extracts from the catchment 
areas of several German rivers showed a clear mutagenic (cf. Lübcke-von Varel et al. 2012, 
Reifferscheid et al. 2011), genotoxic (cf. Kosmehl et al. 2004, Šrut et al. 2011), endocrine (cf. 
Hollert et al. 2005, Ji et al. 2011), and dioxin-like hazard potential (e.g., Keiter et al. 2009a, 
Xia et al. 2013). Within ecotoxicology and sediment toxicology, a shift of focus from 
problems caused by acute toxic concentrations of pollutants to those caused by chronic 
exposure to a mixture of low concentrations of pollutants has been observed (Hollert et al. 
2002b). A conclusion of this observation was that specific efforts from water research, stress 
ecology, national legislations for water management, and the EWFD should be integrated in 
order to evaluate these new aspects in sediment toxicology. In particular, the detection of 
specific toxic effects will be of major concern within the prospective research concepts of 
environmental science (Chen & White 2004). Specific effect mechanisms include among 
others the teratogenicity, neurotoxicity, AhR-mediated and associated toxicity, genotoxicity, 
mutagenicity, and carcinogenicity. Recently, just with few exceptions, the detection of these 
specific, probably irreversible adverse effects is implemented neither in conventional 
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guidelines nor in national and international legislations. A detailed characterization of the 
hazard potential of sediments is possible with different exposure scenarios using several 
biotest systems. The investigations of sediment extracts is a useful tool in order to simulate 
long-term exposure scenarios; however, following the weight-of-evidence concept the definite 
verification of the bioavailable fraction in sediments is only achievable with bioassays testing 
native sediments (e.g. Chapman et al. 2002, Kosmehl et al. 2008). Since several professional 
associations and international networks (i.e., Society of Environmental Toxicology and 
Chemistry (SETAC), European network SedNet and the European SETAC/SedNet Advisory 
group) claim the implementation of specific effects in test strategies and legislations, there is a 
need for further research in order to develop and optimize contact assays for the detection of 
specific effects in sediments. Previous investigations have already adopted the fish egg assay 
for the measurement of teratogenic and embryotoxic effects in native sediments (Hollert et al. 
2003). Other studies showed that native sediments can also be used for the detection of DNA-
fragmentation in single cells of Danio rerio (e.g. Kosmehl et al. 2008). Thus, it is possible to 
measure the bioavailable hazard potential of native sediments. Nevertheless, there is still a 
dire need for basic research concerning the molecular mechanisms and the physiological 
adaptation of embryo in response to changing environmental conditions and the compensation 
of contamination during exposure. Since the abundance and species composition are required 
in the EWFD as major criteria to achieve a good ecological status, it follows that there is an 
urgent need for research about molecular mechanisms and physiological response. In addition, 
for a successful implementation of the EWFD, it is important to develop sensitive 
mechanism-specific methods that can define prospective statements about possible pollution 
sources impairing fish health. Furthermore, the combination of effect-oriented analyses and 
mechanism-specific as well as molecular test systems also provides a very promising 
approach for a more effective toxicity identification and toxicity reduction evaluation (Hecker 
& Hollert 2009). 
 
1.2.1. Aims of the DanTox-project 
Public authorities for water management require the implementation of specific hazard effects 
criteria in legislations; therefore, there is a need for basic research and for the development of 
contact assays to measure specific effects caused by contaminated sediments. The aims of the 
present project are (a) to develop a suitable test system for the assessment of the bioavailable 
toxicants in sediments, (b) to investigate the molecular and cellular mechanisms of toxicity, 
and (c) to elucidate the causality of biological effects. The long-term objective of this project 
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will be the development of a DNA-chip containing selected genes which will be a useful tool 
for environmental screenings (cf. Menzel et al. 2009, Yang et al. 2009). In the end, this 
concept should be tested for its suitability for daily use and commercial viability. Single 
milestones were: 
1) The basic molecular and physiological fundamentals of different ecotoxicological 
endpoints were investigated by exposure with contaminated sediments using Danio 
rerio. Within this project, it was clarified if and when particle-bound pollutants can be 
measured in embryos. In addition, the influence of polluted sediments on the 
molecular mechanism and time-dependent activation of the biotransformation system 
in Danio rerio was evaluated. Moreover, the time-dependent adaptation and de-
toxification of the embryo were demonstrated by comprehensive expression analysis 
in order to clarify the mode of action of selected chemicals. 
2) The development of a sediment contact assay was essential for a clarification of the 
above-mentioned questions. 
3) Is it possible to identify certain substance classes in sediment samples which can 
change the gene expression in fish embryos using a “sediment-profiling”? To answer 
this question, a comparison of the gene expression profile of relevant pollutants with 
sediment samples was conducted. 
4) In order to clarify how much of the bioavailable fraction is responsible for the overall 
hazard potential, the different exposure routes were compared. Based on results from 
sediment contact assays together with gene expression analyses, the bioavailable 
hazard potential of native sediments was demonstrated. Furthermore, these results 
allow us to extrapolate laboratory based observations to field situations.  
5) Statistical comparisons (Keiter et al. 2009b) with data/sediments of other projects 
(SeKT joint research project; (Feiler et al. 2005) was verify if sediment contact assays 
and gene expression analyses correlate with other effect parameters.  
 
 Scientific contribution of this thesis 1.3.
A special focus of the present thesis was the development of a new vertebrate sediment 
contact assay to investigate dioxin-like activity of whole sediment samples. Samples were 
tested using the FET, the sediment contact assay (SCA) and the newly developed fish 
embryo-7-ethoxyresofurin-O-deethylase assay (FE-EROD) to determine embryotoxicity, 
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teratogenicity and AhR-agonist activity and analyze the gene expression in zebrafish embryos 
(Danio rerio).  
 
1.3.1. Embryotoxic and teratogenic potential of sediments 
In conventional chemical risk assessment fish tests are an important tool in toxicity testing 
strategies for the aquatic environment (Lammer et al. 2009a). In fact, there are regulatory 
requirements for acute fish toxicity data on several chemicals for both environmental risk 
assessment and hazard classification (Braunbeck & Lammer 2005). However, there was an 
urgent need to develop alternative test methods because of aspects like animal cruelty and 
economic considerations. The main idea was that fishes exposed to acutely toxic concen-
trations suffer distress and pain (Henn & Braunbeck 2011), which did not agree with the 
animal rights welfare legislation (EFSA 2005, Nagel 2002). Therefore, a protocol for an 
alternative test based on the zebrafish embryos as a replacement of the acute fish test was 
designed for the routine whole effluent testing (DIN 2009). In order to verify if the FET is an 
appropriate replacement of the fish test, several studies (Lammer et al. 2009a, Lange et al. 
1995, Scholz et al. 2008) compared the two tests. Lammer and co-workers (2009a) concluded 
that there is a high correlation between the FET and the acute fish test. Moreover, the FET has 
many advantages. The zebrafish spawns without an annual cycle, has a short generation time, 
the chorion is transparent, a sequenced genome and the test is cost-effective (Strähle et al. 
2012). 
For testing effluents from sewage treatment plant the FET has been obligatory in Germany 
since 2002 according to DIN EN ISO 15088 (DIN 2009). Since January 2005 the FET 
replaced the acute fish test in routine sewage testing procedure in Germany completely. Due 
to its high sensitivity, good reproducibility and adaptability the FET is not only applied for 
sewage testing, but also for the investigation of chemicals and environmental samples, e.g. 
sediments or particulate matters (Bartzke et al. 2010, Hallare et al. 2005b, Hollert et al. 2003, 
Kammann et al. 2004, Kosmehl et al. 2008, Rocha et al. 2011, Vincze et al. 2014). 
Additionally, the FET is used in the field of ecotoxicology to detect sites with environmental 
pollutants (Hallare et al. 2005b, Kosmehl et al. 2008, Rocha et al. 2011) and embryotoxic and 
teratogenic substances (Bachmann 2002, Kammann et al. 2004, Peddinghaus et al. 2012, 
Scheil et al. 2010, Yang et al. 2009). Organic sediment extracts are often used to investigate 
the environmental pollutants in sediments (Gagné et al. 1999, Hollert et al. 2005, Huuskonen 
et al. 1998, Kammann et al. 2004, Kosmehl et al. 2008, Kosmehl et al. 2004). It has to be 
noted that the use of organic extracts provide estimations of the total hazard potential by 
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neglecting the bioavailability of sediment contaminants (Hollert et al. 2003, Seiler et al. 
2006). Thus, there is an urgent need to develop sediment contact assays to present a more 
realistic scenario and to simulate in situ exposure conditions (Feiler et al. 2005, Feiler et al. 
2013, Höss et al. 2010, Kosmehl et al. 2006, Triebskorn et al. 1997).  
 
1.3.2. Detoxification potential of organisms 
Biota are exposed to a multitude of external influences (biotic, abiotic) to which they try to 
maintain homeostasis as it is crucial for their survival. Hence, organisms are able to adapt to 
low concentrations of xenobiotics via mechanisms and chemical reactions that can detoxify 
and excrete these chemical pollutants. These processes are part of the oxidative metabolism of 
endogenous substances, e.g. steroids and fatty acids (Volotinen et al. 2009). Xenobiotics are 
taken up via the skin or gills, through air-bound particles over the lungs or via the gastro-
intestinal tract. Thereafter, they are distributed in the bloodstream where absorption to 
albumin occurs. Substances absorbed in the small intestine reach the liver through the portal 
vein where the first-pass metabolism takes place. Volatile and hydrophilic compounds do not 
need biotransformation to be eliminated as they can be breathed out or excreted with urine. As 
mentioned above organisms have always been subject to foreign compounds that are not part 
of their normal biochemistry (xenobiotics; Walker et al. 2006). These xenobiotics, man-made 
or naturally occurring (e.g. pyrethrins, nicotine, mycotoxins), have to be excreted from the 
body. Non- or low polar substances have to be metabolized to water soluble (polar) 
substances for an efficient excretion from the organism. Without elimination, lipophilic and 
metabolic stable compounds can accumulate in adipose tissue and increase their toxicity. The 
detoxification enzymes of vertebrates are localized in the gut and liver, specifically in the 
endoplasmic reticulum of hepatocytes (Stegeman & Hahn 1994). These toxicokinetic 
processes (Figure 1.1) are similar in all organisms. After adsorption and distribution in the 
organism three phases are run through to metabolize (phase I), detoxify (phase II) and finally 
excrete (phase III) the xenobiotic (Fent 2013).  
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Figure 1.1: Biotransformation of a lipophilic xenobiotic (Fent 2013). 
 
Phase I biotransformation involves oxidation, hydrolysis or reduction and yields metabolites 
that contain hydroxyl groups. Phase II reactions are conjugations where the hydroxylised 
metabolite is bound to an endogenous molecule such as glucuronic acid, sulfate or glutathione 
(Andersson & Förlin 1992) to increase water solubility and facilitate its excretion. A summary 
of the phase I and II detoxification enzymes is presented in Table 1.2. 
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Table 1.2: Classification of major biotransformation pathways (Fent 2013). 
Classification Enzymes 
Phase I  
Oxidation Cytochrome P450 
Flavin-containing monooxygenase 
Alcohol dehydrogenase 
Aldehyde dehydrogenase 
Monoamine oxidase 
H2O2-dependent peroxidase 
Reduction Cytochrome P450 
NADPH-P450 reductase 
Carbonyl reductase 
Hydrolysis Epoxide hydrolase 
Carboxylesterase/amidase 
Phase II  
Conjugation UDP-glucuronosyltransferase 
Sulfotransferase 
Glutathione S-transferase 
Mercapturic acid biosynthesis 
Cysteine conjugate ß-lyase/thiomethylase 
N-Acetyltransferase 
N-Methyltrasferase 
O-Methyltransferase 
 
At phase III of the biotransformation process xenobiotics are eliminated via urine or for high 
molecular substances via the bile. Some xenobiotics can be resorbed from the intestine into 
the blood stream and undergo this process again. 
In most cases this process leads to the detoxification of the organism. However, in some cases 
the metabolism can increase the availability and reactivity of substances compared to the 
mother compound (bioactivation). Especially the phase I oxidation can lead to the production 
of reactive metabolites that can bind to the DNA and, e.g., cause mutagenic effects 
(Huberman et al. 1976). 
 
Cytochrom P450-depended monooxygenases (CYP) 
The cytochrome P450 dependent monooxygenases (CYP) are a diverse supergene family that 
has been found in all organisms examined so far and are located at the smooth endoplasmatic 
reticulum. Their highest concentration is found in the liver as well as in the lung and kidney 
(Stegeman & Hahn 1994). They, the CYP1A subfamily especially, play a major role in the 
metabolism of many xenobiotics as well as endogenous substances (e.g. fatty acids, steroids; 
Bernhardt 1996, Whyte et al. 2000). CYP1A catalyzes many phase I biotransformations. It´s 
expression is regulated and can be induced by chemicals such as PCBs, PAHs, 
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polychlorinated dibenzodioxins and –furans (PCDD/Fs; van der Oost et al. 2003) and NSO-
HETs (Hinger et al. 2011). Therefore, CYP1A is one of the most important enzymes in 
ecotoxicology.  
In zebrafish 94 CYP genes have been identified, which falls into 51 CYP gene families 
(Goldstone et al. 2010). These CYP genes can be divided in to two major groups: 
 
1) CYP genes involved in synthesis, activation or inactivation of endogenous regulatory 
molecules (CYP 5-51). 
2) CYP genes involved in the oxidation of xenobiotics, drugs and fatty acids (CYP 1-4; 
Bernhardt 1996, Goldstone et al. 2010, Whyte et al. 2000). 
 
The aryl hydrocarbon receptor (AhR) 
The AhR is a member of a multimeric protein complex and it belongs to a subclass of helix-
loop-helix containing transcription factors (Hilscherová et al. 2000, Whyte et al. 2000). The 
cytosolic AhR in its inactive state is bound to two heatshock proteins (hsp 90). Different 
ligands like PAHs, PCBs and PCDD/Fs are able to bind to the AhR. Through their similar 
sterical, coplanar structure they all represent ligands for the AhR (Fent 2013). Many studies 
have shown that toxic effects caused by dioxin-like substances are mediated by the AhR 
(Bittner et al. 2006, Hankinson 1995, Olsman et al. 2007). Moreover, the strengths with which 
substances bind to the AhR is proportional to the toxicity, transcriptional activity and the 
AhR-mediated enzyme activity (Safe 1995). The mechanisms of AhR-mediated toxicity are 
presented in Figure 1.2. 
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Figure 1.2: The AhR-pathway. Modified according to Hilscherová et al. 2000. 
 
After binding of a ligand to the AhR in the cytosol hsp 90 dissociates from the complex. 
Subsequently the complex is translocated into the nucleus. In the nucleus the complex forms a 
dimer with the aryl hydrocarbon nuclear translocation protein (ARNT). This results in a 
transcription factor that binds to specific xenobiotic/dioxin-responsive elements (X/DRE) on 
the DNA, regulating the transcription of several genes, which are translated into the according 
gene products. The so called AhR-battery of genes include phase I metabolic enzymes (e.g. 
CYP450) and phase II conjugation enzymes (e.g. GST; Hilscherová et al. 2000). The resulting 
degradation of xenobiotics leads to down regulation of these genes. Non metabolized inducers 
like 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) cause a prolonged activity of this pathway 
(Gonzalez & Fernandez-Salguero 1998).  
The AhR can be found in humans, mammals and vertebrates, but not in invertebrates. While 
mammals only have one AhR-gen, some fish have two (Hahn 2002). In zebrafish three AhR- 
genes have been identified; ahr1a, ahr1b and ahr2 (Andreasen et al. 2002b, Karchner et al. 
2005, Tanguay et al. 1999). Ahr2 and ahr1b are strongly induced by TCDD and other planar 
substances (Karchner et al. 2005, Tanguay et al. 1999). However, knockdown of the ahr2 
with morpholino oligonucleotids (MOs) indicates that induction of CYP1A, CYP1B1 and 
CYP1C`s is mediated primary by the ahr2 (Jönsson et al. 2007a, Jönsson et al. 2007b, Yin et 
al. 2008). Ahr2 is unable to bind TCDD (Karchner et al. 2005) and the exact function is still 
unclear, but it is believed that it is involved in endogenous, physiological functions (Hahn 
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2001, Karchner et al. 2005, Prasch et al. 2003). In zebrafish all three AhR-genes are expressed 
and functional during early development (Andreasen et al. 2002b, Karchner et al. 2005, 
Tanguay et al. 1999). 
 
AhR-mediated toxicity  
As mentioned before, zebrafish embryos and larvae have received increasing attention in 
recent years not only for chemical and sewage testing, but also for ecotoxicological testing to 
detect environmental pollutants and embryotoxic and teratogenic potential. To obtain a 
comprehensive insight into the potential ecotoxicological hazard, not only acute toxicity but 
also more specific effects such as genotoxicity and dioxin-like activity, as presented in this 
study, should be assessed (Hollert et al. 2002b, Kosmehl et al. 2006). These specific endpoints 
are not covered by standard toxicity tests. Thus, there is an urgent need to develop, 
standardize and implement vertebrate-based test systems in Environmental Risk Assessment 
(Otte et al. 2010).  
The EROD assay monitors the xenobiotic-metabolizing enzyme CYP1A and is therefore a 
suitable biomarker for exposure of organisms to CYP1A inducers (Burgeot et al. 1994, Gooch 
et al. 1989). The assay depends on the protein up and down regulation via AhR-mediated 
signal transduction induced by several organic compounds. It can be measured after in vivo 
exposure in homogenates (like in the present study), or organs for example gills. The aim is to 
include the whole uptake and distribution phase (Bartram et al. 2012, Brunström & Halldin 
1998, Engwall et al. 1994, Jönsson et al. 2009a). The EROD assay is a well-established 
biotest (Babin et al. 2005, Chang et al. 2009) that is usually performed with cells from cell 
cultures, for example rainbow trout cell lines like RTL-W1 (rainbow trout liver) or RTG-2 
(rainbow trout gonad; Hinger et al. 2011, Keiter et al. 2009a, Wölz et al. 2008). However, in 
situ exposure provides a more relevant test scenario as effects such as uptake, transport within 
the organism and metabolism are covered (Sundberg et al. 2005). Therefore, the FE-EROD 
assay was developed. In this study homogenates of whole zebrafish embryos (Danio rerio) 
were used as a novelty. This test system is based on the SCA protocol published by Hollert 
and co-workers (2003) and provides the possibility to measure the bioavailable dioxin or 
dioxin-like activity of contaminated sediments. 
Dioxins or dioxin-like compounds (e.g. planar halogenated aromatic hydrocarbons and PAHs) 
present ligands for the AhR-receptor which mediates the induction of CYP1A. Among the 
biochemical effects mediated by the AhR-ligands, induction of CYP1A has intensively been 
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used as a biomarker of environmental pollution by various pollutants (Berbner et al. 1999, 
Fleming & Di Giulio 2011, Toyoshiba et al. 2004).  
In the presence of NADPH+H
+ 
(nicotinamide adenine dinucleotide phosphate) the EROD 
enzyme catalyzes the deethylation of its artificial substrate 7-ethoxyresorufin to resorufin 
(Figure 1.3). 
Resorufin can be detected fluorometrically and expressed as relative fluorescent units (RFU); 
thus, the amount of resorufin indirectly represents the activity of EROD enzymes. 
Figure 1.3: Scheme of the deethylation of the substrate 7-ethoxyresorufin to resorufin by the enzyme 7-
ethoxyresorufin-O-deethylase. 
 
 
1.3.3. Gene expression analysis 
For a comprehensive hazard assessment of contaminated sediments regulators neglect many 
endpoints that are already the result of a cascade of early responses to exposure-related 
impacts and prefer mortality as a most definite endpoint. The endpoints of such early 
responses can be used to determine samples or substances of concern but provides little 
information for assessing the underlying mechanisms and the stress response. The 
measurement of gene expression levels after exposure to chemicals can provide both 
information about the mode of action of toxicants and the changes of gene expression pattern 
in vivo and in vitro (Lettieri 2006). In addition, to measuring adverse physiological effects or 
effects on the protein expression level, adverse effects can often be observed much earlier on 
the gene expression level (Miracle & Ankley 2005). However, known relevant biomarker 
genes are rare within the whole genome, so that only few genes actually provide an answer to 
ecotoxicological questions (Handley-Goldstone et al. 2005). Therefore, the following 
approach was applied to obtain more detailed information about toxic responses of the 
exposed organism (e.g. zebrafish embryos) at the gene expression level. 
The quantitative real-time polymerase chain reaction (qPCR) is a powerful tool for the 
detection and quantification of mRNA and it is one of the enabling technologies of the 
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genomic age (Bustin et al. 2005) and has become the method of choice to study gene 
expression alterations in biological matrix (Pfaffl 2004). It allows both the quantification and 
detection of low abundant mRNAs. The method is based on two sequential reactions: 
 
1) Reverse transcription of the mRNA extracted from samples. 
2) Using the resulting cDNA as a PCR template (Bustin 2000). 
 
DNA synthesis can be measured through a fluorescent dye which binds to the double stranded 
DNA, e.g. sybr green. After each PCR-cycle the fluorescence is measured and as DNA is 
formed which each PCR-cycle the fluorescent signal increases (Bustin 2000). The number of 
PCR-cycles required for fluorescence to increases significantly above background 
fluorescence is called the quantitative cycle (Cq). This Cq is used to quantify target copy 
number. The more copies at the beginning of the reaction the faster the Cq is reached (Bustin 
et al. 2005). Specificity of the qPCR is reached by using gene-specific primers which are 
added to the reaction and lead to the amplification of the desired product. The verification of 
the qPCR product can be achieved by generating a melting curve of the amplicon (Ririe et al. 
1997). In qPCR experiments gene expression can be quantified absolutely, relatively as well 
as comparatively. Absolute quantification gives the exact number of target DNA molecules 
through comparison with DNA standards while relative quantification utilizes serial dilutions 
of a calibrator template to determine gene expression. Comparative quantification utilizes an 
endogenous control gene to which the samples are normalized. The latter method was used to 
quantify gene expression in the present study. 
 
1.3.4. Bioassay-directed fractionation  
Potentially hazardous environmental pollution often occurs as a complex mixture of toxicants 
together with non-toxic natural and anthropogenic compounds. Sediments, especially, may be 
contaminated with a multitude of known and unknown chemicals (Brack et al. 2008). It 
presents long-term sinks for some chemicals, which become available again through 
immobilization events such as storm or flood events (Hilscherová et al. 2007). It is often 
crucial to identify the compound responsible for adverse effects in a complex environmental 
sample.  
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Bioassay-directed fractionation represents a link 
between biological effects and chemical analysis 
(Hecker & Giesy 2011). The objective of this 
procedure is to focus on the identification and 
assessment of major toxicants in complex environ-
mental mixtures on the basis of adverse effects and 
exposure. As a result, unknown pollutants can be 
identified via their biological acting mechanism 
(Brack et al. 2003, Kammann et al. 2004, 
Kammann et al. 2005). With respect to the vast 
amount of anthropogenic pollutants and their 
metabolites in the environment, it is no surprise 
that the assessment of priority pollutants 
exclusively cannot explain all biological effects detected in environmental studies (Brack et 
al. 2005, Hecker & Hollert 2009, Wölz et al. 2010). Hazard and risk assessment of complex 
environmental mixtures, therefore, should also investigate non-priority pollutants like NSO-
HETs (Hecker & Giesy 2011). Specially, a complex sample like sediments is first analyzed by 
different bioassays representing different modes of action (Hecker & Giesy 2011). As a 
means to narrow down the amount of possible non-priority pollutants a sequential extraction 
can be applied.  
Physico-chemical fractionation sequentially reduced the complexity of mixtures followed by a 
testing for biological effects of each subfraction. Effective fractions are subjected to further 
pysico-chemical fractionation procedures (Figure 1.4). At the end this fraction has a reduced 
composition than the crude extract and can then be chemically analyzed to identify the origin 
of the biological effect (Hecker & Giesy 2011). 
 
 Aim of the study 1.4.
The present study is part of the joint research project DanTox which aimed to develop a 
vertebrate-based sediment contact assay to investigate teratogenicity, embryotoxicity, AhR-
agonist activity and analyze the gene expression in zebrafish embryos (Danio rerio). To 
achieve these goals, sediments were sampled from the Rhine River (Altrip and 
Ehrenbreitstein) and from the Vering canal (Hamburg), freeze-dried, extracted and assessed 
using a battery of in vivo biotests to detect both acute and mechanism-specific effects. 
Figure 1.4: Bioassaydirected analysis  
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Moreover, a specific exposure scheme was designed to investigate the differences between the 
total and the bioavailable hazard potential of contaminated sediments using organic extracts 
and native (freeze-dried) samples, respectively. For this purpose the FET and the SCA 
(teratogenicity and embryotoxicity), the FE-EROD assay (AhR-mediated activity) and qPCR 
(gene expression analysis) were developed, improved and conducted.  
In a second part of the study the FE-EROD assay was developed and applied to serve a novel 
tool to investigate AhR-agonist activity in sediments. 
In this part of the study the following questions will be addressed in detail: 
 
(a) Is the FE-EROD assay a suitable marker to investigate AhR-mediated activity in 
sediment extracts and whole-sediment samples?  
(b) Does the exposure to sediment extracts and whole-sediment samples lead to a 
concentration-dependent increase of the EROD activity? 
(c) Can the test protocol of the FE-EROD assay be improved to optimize the sensitivity 
and test duration? 
(d) What is the most suitable exposure time for the FE-EROD assay to gain reliable 
results? 
In order to accomplish these goals basic molecular and physiological fundamentals 
backgrounds will be investigated. It was clarified if and when particle-bound pollutants 
effects can be measured in embryos. A prerequisite is a time-dependent investigation of the 
biotransformation system activation in Danio rerio embryos. Hence, the objective of this 
study was to investigate the temporal pattern of gene expression and enzyme activity of CYP1 
monooxygenases at five designated time-points (24, 48, 72 96, 120 hours post fertilization 
(hpf)). Research was focused on: 
 
(a) Gaining insight in the basal and induced EROD activity in zebrafish embryos at 24, 
48, 72, 96 and 120 hpf  
(b) Determining the basal and induced expression of CYP1 genes in zebrafish embryos at 
24, 48, 72, 96 and 120 hpf by means of quantitative real-time PCR. 
(c) Identifying which CYP1 causes induction of EROD activity in developing zebrafish 
embryos. 
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In the third part of this study sediments were chosen for bioassay-directed analyses and 
fractionated in order to reduce the complexity of the environmental samples. Subsequently, 
fractionations were investigated with biotests (FET and FE-EROD assay) to identify 
biologically active fractions and possibly the effective contaminants. 
In addition, another focus was set on the investigation of NSO-HETs since they are found 
ubiquitous in the environment and, thus, are of great interest. Therefore, in the present study 
the FET with NSO-HETs was applied. For this purpose, several NSO-HETs typically found at 
creosote-contaminated sites (2,3-dimethylbenzofuran, 2,4,6-trimethylpyridine, 
2-methylbenzofuran, 6-methylquinoline, acridine, benzofuran, benzothiophene, carbazole, 
quinoline, dibenzofuran, dibenzothiophene, pyridine, xanthene; Blotevogel et al. 2008) were 
selected for testing. A combination of the FET and analytical quantification should aid to 
determine the hazard potential and take the influence of sorption, precipitation or 
volatilization of the compounds during the test procedure into account.  
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  Material and methods 2.1.
In the following, the methods mainly used in the study are described. In this way repetition 
should be excluded. Special methods or modifications are detailed in the individual chapters. 
 
2.1.1. Study sites and sample processing 
For the investigations of embryotoxicity, dioxin-like activity and gene expression analysis 
three sediment samples were selected and collected, two from the Rhine River by the Federal 
Institute of Hydrology (BfG) and one from the Vering canal (Hamburg) by the Hamburg Port 
Authority. In former projects the Rhine sites Altrip and Ehrenbreitstein, have been classified 
as low- and moderate contaminated sediment sampling locations. The Vering canal 
(Hamburg) is used by the BfG as a reference for a highly contaminated sampling site with an 
old environmental load (Feiler et al. 2009, Höss et al. 2010). 
Near surface sediment samples were collected with a Van-Veen gripper. The native sediment 
samples were shock-frozen with liquid nitrogen and were immediately lyophilized (Alpha 2-4 
LD plus, Christ, Osterode, Germany). Freeze-dried sediment samples were kept in a plastic 
container and stored at 4°C in the dark. Subsequently, 20 g lyophilized sediment were 
extracted using an acetonic Soxhlet extractor (Soxhlet extractor R 106 S, Behr Labortechnik, 
Düsseldorf, Germany) according to the method in Hollert et al. (2000b). The extraction lasted 
for 14 hours. Elemental sulfur was removed by adding activated copper to the extracts. After 
extraction, remaining acetone was removed from the extract by means of rotary evaporation 
(400 mbar, 36-38°C; Laborota 4011, Heidolph, Schwalbach, Germany) and the extract was 
reduced close to dryness by nitrogen stream. The residue was then dissolved in dimethyl 
sulfoxide (DMSO, Sigma-Aldrich, Germany), resulting in a yield of 20 mg sediment 
equivalent (SEQ) in 1 ml of DMSO. 
 
2.1.2. Test organism  
The test organism used in this study is the zebrafish (Danio rerio; Figure 2.1), a tropical 
freshwater fish belonging to the minnow family (Cyprinidae). It is native to the southeast of 
Asia (Ganges River system, Burma, the Malakka peninsula and Sumatra), where it lives in 
stagnant or flowing water; e.g. paddy fields or rivers. Zebrafish grow rapidly and have a short 
generation cycle of about 2-3 months (Scholz et al. 2008). Within favorable conditions female 
fish are able to spawn year round every 2-3 days, spawning a large amount of eggs with a 
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transparent chorion. This characteristic makes them a very suitable test organism in biology as 
their larval development can be observed (Scholz et al. 2008). In addition to that zebrafish are 
easily obtainable, maintainable and inexpensive (Laale 1977). Today, zebrafish eggs are 
commonly chosen for toxicity testing, as they represent a good alternative to fish acute 
toxicity testing (Lammer et al. 2009a). For routine whole effluent testing in Germany the Fish 
Embryo Toxicity (FET) test, which has certain morphological criteria as endpoints, is being 
used (DIN 2009) and it has already been standardized at an international level (OECD 2013).  
 
 
Figure 2.1: Adult zebrafish (Danio rerio). Female: upper individual, Male: lower individual. 
Picture by Sebastian Hudjetz .  
 
2.1.3. Fish maintenance and egg production  
Zebrafish were maintained according to Braunbeck et al. (2005) with the modifications given 
by Peddinghaus et al. (2012). All experiments were conducted in accordance with the Animal 
Welfare Act and with permission of the federal authorities (Landesamt für Natur, Umwelt und 
Verbraucherschutz NRW, Germany), registration number 8.87- 50.10.35.08.225. Moreover, 
according to the EU Directive 2010/63/EU on the protection of animals used for scientific 
purposes, early-life stages of zebrafish are not protected as animals until the stage of being 
capable of independent feeding (5 days post fertilization (cf. Strähle et al. 2012). Fish were 
kept in glass aquaria at a water temperature of 26 ± 1°C, a pH value of 7.8 and a hardness of 
about 11°dH. A constant day to night rhythm (14/10 h) was maintained. The fish were fed 
with commercially available dry flake food (e.g., TetraMin™ flakes; Tetra, Melle, Germany) 
and live nauplius larvae of Artemia sp. (Silver Star Artemia, Inter Ryba GmbH, Zeven, 
Germany) once daily ad libitum. 
Groups of 20 3-month old zebrafish with a ratio of 3:2 (males:females) were used for egg 
production. Spawning trays consisting of a flat basin and a metal net covering to which 
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artificial plants were attached were placed into the aquaria. The artificial plants served as a 
breeding stimulant and substrate while the metal net covering prevented the fish from 
predating on their own spawn. Mating, spawning and fertilization took place within 30 min 
after the onset of light in the morning (Westerfield 2007). 
 
2.1.4. Fish Embryo Toxicity test (FET) with Danio rerio 
Egg selection  
For the following bioassays, fertilized fish eggs were visually selected using a binocular 
microscope (SMZ 1500, Nikon GmbH, Düsseldorf, Germany). Only normally developed fish 
eggs at least in the 8-cell stage were chosen for further testing. For exposure, the eggs were 
placed in glass vessels (40 mm, 20 ml, borosilicate glass 3.3, without spout, Labomedic 
GmbH, Bonn, Germany) with artificial water prepared according to ISO 7346-3 (ISO 1996). 
 
Test design 
The assay is carried out according to the actual German Standard DIN EN ISO 15088 (DIN 
2009) for the FET with zebrafish (Danio rerio). 
The FET is initiated as soon as possible after fertilization of the eggs and no later than 3 hpf 
(128-cell stage). To identify fertilized eggs, a binocular with a minimum magnification of 25x 
should be used. Freshly spawned eggs exhibit the following structures: The chorion surrounds 
the perivitelline space, which contains the yolk. The blastodisc is located at the animal pole of 
the yolk. 
Chemicals and sediment extracts were tested in five different concentrations (Table 2.1), 
prepared as dilutions of the DMSO stock solution with artificial water (ISO 1996).  
 
Table 2.1: Concentrations of the sediment extracts from the Rhine River (Altrip and Ehrenbreitstein) and 
the Vering canal (Hamburg, Germany) for testing in the FET. Concentrations are given in mg sediment 
equivalent (SEQ) per mL test medium. 
Concentration [mg SEQ/mL] 
Altrip 50 25 18.5 12.5 6.25 3.13 
Ehrenbreitstein 50 25 - 12.5 6.25 3.13 
Vering canal 6.25 3.13 0.78 0.4 0.2 0.1 
 
Artificial water in the absence of the chemical was used as a negative control (mortality 
< 10%). As a standard positive control, 3.7 mg/L 3,4-dichloroaniline (Sigma-Aldrich GmbH, 
Steinheim) dissolved in millipore water (mortality > 10%) was used. Each chemical and 
Chapter 2 – Material and methods 
28 
 
sediment extracts were tested in at least three independent replicates with ten embryos per test 
concentration and controls. Following resuspension of the test concentrations and controls, ten 
eggs reached the 8-cell stadium were transferred to 24-well plates filled with 2 ml freshly 
prepared test solutions and controls per well. Each plate was covered with a gas-permeable 
foil (Renner, Darmstadt, Germany) and incubated at 26 ± 1°C for the defined exposure period. 
For the FET a static test design was used. 
Evaluation of the test was carried out with an inverted microscope at magnifications of 40 and 
100 x. Lethal endpoints (coagulation of the embryo, non-detachment of the tail, and non-
detection of the heartbeat) as well as teratogenic effects were recorded every 24  up to 96 hpf 
(Table 2.2). Test results were evaluated according to DIN EN ISO 15088 (DIN 2009) criteria. 
The FET was considered valid if the negative control did not show more than 10% mortality. 
 
Table 2.2: Lethal and sublethal endpoints in the evaluation of chemicals with the FET with Danio rerio 
(modified from Nagel, 2002). 
 
             Time 
Effect 
24 hpf 48 hpf 72 hpf 96 hpf 
Coagulation X X X X 
Non-attachment of the tail X X X X 
No heartbeat  X X X 
Formation of somites ● ● ● ● 
Completion of epiboly ● ● ● ● 
Development of eyes ● ● ● ● 
Spontaneous movement ● ● ● ● 
reduced/no blood circulation  ● ● ● 
Reduced heartbeat  ● ● ● 
Edema  ● ● ● 
Pigmentation  ● ● ● 
Malformations ● ● ● ● 
Malformation of the chorda ● ● ● ● 
Scoliosis ● ● ● ● 
Groth retardation ● ● ● ● 
X: lethal endpoints 
●: sublethal endpoints 
 
For the following mechanism-specific bioassays (FE-EROD and qPCR) the LC10 of the 
organic extracts were used as highest concentration to avoid acute toxic effects affecting the 
mechanism-specific reactions (Table 2.3).  
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Table 2.3: Concentrations of the sediment extracts from the Rhine River (Altrip and Ehrenbreitstein) and the 
Vering canal (Hamburg, Germany) for the FE-EROD and qPCR. Concentrations are given in mg sediment 
equivalent (SEQ) per mL test medium. 
 Concentration [mg SEQ/mL] 
Altrip 10 5 2.5 1.25 0.6 
Ehrenbreitstein 10 5 2.5 1.25 0.6 
Vering canal 3 1.5 0.8 0.4 0.4 
 
2.1.5. Sediment contact assay (SCA) with Danio rerio 
The sediment contact assay (SCA) was carried out according to the German Standard DIN EN 
ISO 15088 (DIN 2009) for the FET, adapted for sediment testing as introduced by Hollert et 
al. (2003) and in detail described in Zielke et al. (2011a). The selection of the eggs and the 
test procedure for the SCA was executed in the same way as in chapter 2.3.1. The SCA was 
performed to investigate the embryotoxic potential of the three native (freeze-dried) sediment 
samples (Altrip, Ehrenbreitstein and Vering canal).  
The freeze-dried sediments were tested in at least five concentrations and three independent 
replicates (Table 2.4). The sediment was weighed into a 20 mL crystallization glass vessel in 
the afternoon prior to testing.  
 
Table 2.4: Concentrations of the freeze-dried sediments from the Rhine River (Altrip and Ehrenbreitstein) and 
the Vering canal (Hamburg, Germany) given in mg dry weight (dw) per mL test medium. 
 Concentration [mg dw/mL] 
Altrip 120 60 30 15 7.5 
Ehrenbreitstein 120 60 30 15 7.5 
Vering canal 1.2 0.6 0.3 0.15 0.08 
 
Every concentration was filled up to a total weight of 3 g with quartz sand (grain size, W4, 
Quarzwerke, Germany) and homogenized by a mortar to guarantee a homogenous mixture. 
Subsequently, 4 mL artificial water was added to each glass vessel. Additionally, aqueous and 
quartz sand controls were prepared. As negative control, 3 g of quartz sand plus 4 mL 
artificial water as well as 4 mL artificial water only was used. As a positive control, 3 g of 
quartz sand filled up with 4 mL 3.7 µg/mL 3,4-dichloraniline solution was used. All glass 
vessels were kept at 26 ± 1°C over night on a horizontal shaker at 50 rpm to reach oxygen 
saturation in the water column (Strecker et al. 2011).  
 
For the following mechanism-specific bioassays (FE-EROD and qPCR) the LC10 of the 
freeze-dried sediment samples were used as highest concentration to avoid acute toxic effects 
affecting the mechanism-specific reactions (Table 2.5). Freeze-dried sediment samples were 
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diluted with quarz sand to get the appropriate concentration. For the Vering canal a pre-
dilution with quarz sand was necessary. 
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Table 2.5: Concentrations of the freeze-dried sediments from the Rhine River (Altrip and Ehrenbreitstein) and 
the Vering canal (Hamburg, Germany) for the FE-EROD assay and qPCR. Concentrations are given in 
mg dw/mL of freeze-dried sediment diluted with quartz sand. 
 Concentration [ mg dw/mL] 
Altrip 20 10 5 2.5 1.25 
Ehrenbreitstein 25 12.5 6 3 1.5 
Vering canal 30 15 7.5 3.7 1.8 
 
 
2.1.6. Fish embryo 7-ethoxyresorufin-O-deethylase (FE-EROD)-assay 
The following FE-EROD assay was performed according to Schiwy et al. (2014, submitted).  
The selection of the embryos and larvae for the FE-EROD-Assay was executed in the same 
way as in section 2.1.4 and 2.1.5. Deviating from the procedure above, 50 eggs in 20 ml 
reconstituted water were covered with Parafilm
®
 (Parafilm, Menasha, WI, USA) and stored at 
26 ± 1°C for a defined exposure period. Subsequently, 45 zebrafish larvae were anesthetized 
in a saturated solution of ethyl-p-amino benzoate (Sigma-Aldrich GmbH, Steinheim, 
Germany) and transferred into a 2 mL reaction tube. The larvae were washed twice with 
phosphate buffered saline (Sigma-Aldrich GmbH, Steinheim, Germany) and stored in 675 μl 
EROD-buffer (1.8 L 0.1 M Na2HPO4 solution (Merck, Darmstadt, Germany) adjusted with 
0.5 L 0.1 M NaH2PO4 solution (Merck) to pH 7.8, storage at 4°C). The samples were shock-
frozen in liquid nitrogen to stop metabolism and stored at -80°C until further use.  
For measurement of EROD activity, samples were homogenized for 15 seconds (14.500 rpm) 
with an electric dispersing device (VDI 12, S12N-5S, VWR International GmbH, Darmstadt, 
Germany). During homogenization samples were kept on ice. The homogenate was 
centrifuged at 10.000 g and 4°C for 15 min (ROTINA 420R, Andreas Hettich GmbH & Co, 
KG, Tüttingen, Germany). Standard solutions of resorufin (20 – 0.08 μM) and bovine serum 
albumin (1.25 mg/ml – 25 mg/ml) were prepared in EROD-buffer. A volume of 100 μl of the 
sample homogenate supernatant, the protein standard and the resorufin standard were pipetted 
onto a 96 well plate (Techno Plastic Products, TPP®, Zürich Switzerland), followed by the 
addition of 100 μl 0.6 μM of the substrate 7-ethoxyresorufin (Sigma Aldrich, in methanol) to 
all wells. A 20 minute incubation time at 26°C in darkness allowed the formation of enzyme-
substrate complexes. Subsequently, 50 μl of a 3.35 mM NADPH solution (Sigma Aldrich, in 
EROD-buffer) were added to each well, initiating the deethylation of the substrate. After 
15 minutes of incubation at 26°C in darkness, the reaction was stopped through the addition 
of 100 μl ice-cold 1.35 mM acetonitrile-fluorescamine-solution (Sigma Aldrich). After 
15 minutes incubation time at room temperature in darkness, the fluorescence was measured 
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with a microplate reader (Infinite® M 200, Tecan Group Ltd., Männedorf, Switzerland). 
Substrate deethylation was determined by measuring the produced fluorescent metabolite 
resorufin at 540 nm excitation and 590 nm emission and quantifying it against the resorufin 
standard curve. Whole protein was determined by measuring fluorescamine at an excitation of 
380 nm and an emission of 460 nm according to the method given in Gustavsson et al. (2004). 
The specific EROD activity was calculated with the equation: 
 
  OD activity 
resorufin  pmol 
total protein amount [mg] x reaction time  min 
 
 
From the raw data in relative fluorescence units (RFU), the EROD activity was calculated as 
the production of resorufin in pmol per mg protein per minute. 
 
 
2.1.7. Quantitative real–time PCR (qPCR) 
The following qPCR was performed according to Schiwy et al. (2014; submitted) and Bräunig 
et al. (2014; submitted). The embryos and larvae were selected as described in sections 2.1.4 
and 2.1.5. 
For measurement of transcript abundance in zebrafish embryos, the exposure was terminated 
after 48, 72, 96 or 120 hpf. Overlaying testing solution was removed; 45 embryos were 
anaesthetized with saturated benzocaine solution, transferred to 2 ml tubes, washed twice with 
phosphate buffered saline and stored in RNAlater® (Sigma Aldrich). The samples were 
shock-frozen in liquid nitrogen to stop metabolism and stored at -80°C until further use. 
mRNA expression was determined via quantitative real-time PCR according to the protocol 
given by Brinkmann et al. (2010). Briefly, total RNA was extracted from a pool of 30 
embryos per time-point and treatment using the RNeasy® Plus Mini Kit (Qiagen GmbH, 
Hilden, Germany) according to the manufacturer’s protocol. Quantity and quality of purified 
RNA was determined by use of a NanoDrop ND-1000 Spectrophotometer (Nano Drop 
Technologies, Wilmington, DE, USA). Purified RNA samples were stored at -80°C until 
analyzed. First strand cDNA was synthesized from 800 ng purified RNA sample using an 
iScriptTM cDNA Synthesis Kit (Bio Rad, München, Germany) according to the 
manufacturers protocol. Samples were incubated in a thermal cycler (Eppendorf 
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Mastercycler© pro S, Hamburg, Germany) at 25°C for 5 min, 42°C for 30 min and 85°C for 5 
minutes and stored at - 20°C until further use.  
 
Table 2.6: Primer sequences, amplicon sizes and accession numbers investigated in quantitative real-time PCR. 
Gene Primer sequence (5'-3') Amplicon size (bp) Accession no. 
eef1a1
a) 
F CTTCTCAGGCTGACTGTGC 
358 AY 422992.1 
 
R CCGCTAGCATTACCCTCC 
ahr2 F GAAGAAGCCCGTTCAGAAAA 
60 ENSDART00000105762.2 
 
R GGGTTGGATTTCACACCATC 
cyp1a F AAAGACACCTGCGTGTTTGTAA 
68 ENSDART00000038200.5 
 
R GAGGGATCCTTCCACAGTTCT 
cyp1b1 F TGGATCATCCTGCTACTTGTCA 
74 ENSDART00000099870.2 
 
R TCCACTACCCTGTCCACGTC 
cyp1c1 F GACTGAGTGCTGATGGACGA 
60 NW_003336436.1 
 
R CACAGAGCGCAGATGACATT 
cyp1c2
b) 
F GTGGTGGAGCACAGACTAAG 
116 NW_001877817.3 
 
R TTCAGTATGAGCCTCAGTCAAAC 
a) (McCurley & Callard 2008) 
b) (Jönsson et al. 2007b) 
 
 
 
Gene specific primers for eef1a1, ahr2, cyp1a, cyp1b1, cyp1c1 and cyp1c2 were either 
designed using the Primer 3 software or previously published sequences were used (eef1a1, 
cyp1c2). Primers were synthesized by Life Technologies (Life Technologies Corporation, 
Darmstadt, Germany; Table 2.6). The amplification products were analyzed on a 2% agarose 
gel and visualized by ethidium bromide staining using a Molecular Imager® Gel DocTM 
XR+ (BioRad). Only primers showing a distinct band at the expected amplicon size were used 
in qPCR reactions. Quantitative real-time PCR (qPCR) was performed in 96 well plates 
(Applied Biosystems) on an Applied Biosystems StepOneTM Plus Real-time PCR System 
(Applied Biosystems, Foster City, CA, USA). A 50 μl reaction mixture consisting of 25 μl 2x 
concentrated Power SYBR® Green PCR master mix (Applied Biosystems), 2.5 μl cDNA, 
2.5 μl 10 μM gene-specific qPC  primers, and 20 μl nuclease free water was prepared for 
each cDNA sample and primer combination. Reactions were conducted in duplicates with 
20 μl reactions per well. The PC  reaction mixture was denatured at 95°C for 10 min before 
the first PCR cycle. The thermal cycle profile consisted of denaturing for 10 s at 95°C and 
extension for 1 min at 60°C for a total of 40 PCR cycles. Melting curve analysis was 
performed once on each sample. 3-5 biological replicate samples were analyzed in duplicates 
(technical duplicates) on separate qPCR plates to allow discrimination of technical 
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measurement inaccuracies. Expression of target genes was quantified by use of the 
comparative quantification cycle method with adjusted PCR efficiency according to the 
methods reported by Simon (2003). The expression level of the target gene was normalized to 
the reference gene eef1a1 to calculate the normalized expression of the target genes. Levels of 
gene expression were expressed relative to the average value of the negative controls as a fold 
change. 
 
2.1.8. Chemical analysis of heterocyclic aromatic compounds 
The sediment extracts from the Rhine River (Altrip and Ehrenbreitstein) and the Vering canal 
were analysed by GC/MS after liquid-liquid extraction (LLE) to identify present heterocyclic 
compounds. Before LLE, samples were diluted to a final water volume of 45 mL. Extraction 
was performed with 5 mL methyl tert-butyl ether (MTBE) for 20 minutes. After separation 
and adding the internal standard, 5 µL of the organic phase was injected and analyzed with an 
Agilent 6890N gas chromatograph equipped with an Agilent 5973 mass spectrometer 
operated in single ion mode (SIM). An Optima five capillary column (25 m  0.25 mm; 
0.25 µm film thickness, Macherey & Nagel, Düren, Germany) was used for compound 
separation and helium was used as carrier gas at a flow rate of 1.1 mL/min. The temperature 
program was as follows: 40°C (4 min isothermal), 40-300°C increasing with a rate of 
5°C/min, and 300°C (12 min isothermal). The maximum tolerated deviation of the method 
was 30% with a detection limit of 0.1 µg/L in the water samples (cf. Eisentraeger et al. 2008, 
Hinger et al. 2011, Sagner 2009). 
 
2.1.9. Statistical analysis 
All spreadsheet calculations were performed using Microsoft Excel
TM
 2010. Graphs were 
plotted using Sigma Plot 10.0 (Systat Software, Erkrath, Germany). Statistical analyses were 
conducted using Sigma Stat 3.5 (Systat Software, Erkrath, Germany). All datasets that did not 
pass the Kolmogorov-Smirnov test on Gaussian distribution (p<0.05) or the Levene’s test for 
equal variance (p<0.05) were analyzed using nonparametric Mann-Whitney rank sum test or 
Friedmans ANOVA. The datasets passing both were analyzed using parametric t-test (p≤0.05) 
or one-way ANOVA. Statistical significance limit throughout all comparisons was set to at 
least p≤0.05. If not stated differently, values are expressed as mean value ± standard 
deviation. 
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 Abstract 3.1.
The European Water Framework Directive aims to achieve a good ecological and chemical 
status in surface waters until 2015. Sediment toxicology plays a major role in this intention as 
sediments can act as a secondary source of pollution. In order to fulfill this legal obligation, 
there is an urgent need to develop whole-sediment exposure protocols, since sediment contact 
assays represent the most realistic scenario to simulate in situ exposure conditions. Therefore, 
in the present study a vertebrate sediment-contact assay to determine AhR-mediated activity 
of particle-bound pollutants was developed. Furthermore, the activity and the expression of 
the CYP1 family in early-life stages of zebrafish after exposure to freeze-dried sediment 
samples were investigated. In order to validate the developed protocol, effects of 
β-naphthoflavone and three selected sediment on zebrafish embryos were investigated. 
Results documented clearly AhR-mediated toxicity after exposure to β-NF and to the 
sediment from the Vering canal. Up-regulation of mRNA levels was observed for all 
investigated sediment samples. Highest levels of all investigated CYP1 genes (cyp1a, cyp1b1, 
cyp1c1 and cyp1c2) were recorded after exposure to the sediment sample of the Vering canal. 
In conclusion, the newly developed sediment contact assay can be recommended for the 
investigation of dioxin-like activities of single substances and the bioavailable fraction of 
complex environmental samples. Moreover, the exposure of whole zebrafish embryos to 
native (freeze-dried) sediment samples represents a highly realistic and ecologically relevant 
exposure scenario. 
 
Keywords: Zebrafish, fish embryo toxicity, CYPs, EROD, qPCR, AhR 
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 Introduction  3.2.
The assessment of the bioavailable hazard potential of contaminated sediments is of major 
concern in environmental sciences. Chemicals with low and medium polarity are well-known 
to accumulate in aquatic sediments at concentrations many times higher than in the free water 
column and, thus, sediments are able to act as secondary sources for pollutants after 
remobilization (Ahlf et al. 2002, Bartzke et al. 2010, Brils 2008, Gerbersdorf et al. 2011, 
Hollert et al. 2002a). Therefore, sediment toxicology plays an increasingly important role for, 
e.g., the recruitment of information required for the successful implementation of the 
European Water Framework Directive (EWFD 2000/60/EC). Moreover, as suggested by 
national and international water management directives, such as the EWFD, there is a need to 
implement specific effects into regulation. Consequently, there is an urgent need to develop, 
standardize and implement test systems in environmental risk assessment to investigate 
mechanism-specific effects of contaminated sediments, e.g. genotoxicity and aryl 
hydrocarbon receptor (AhR)-mediated activity. 
Dioxins and dioxin-like compounds (e.g. planar halogenated aromatic hydrocarbons (HAHs) 
and polycyclic aromatic hydrocarbons (PAHs)) are ubiquitous environmental contaminants 
(Brack & Schirmer 2003, Weber et al. 2008) and have been reported to be particularly 
dangerous for aquatic populations (Fleming & Di Giulio 2011). In water, these chemicals are 
intimately associated with suspended particles and consequently with sediments (Tusseau-
Vuillemin et al. 2007). These groups of organic chemicals represent ligands for the AhR, 
which mediates the induction of cytochrome P4501A (CYP1A), a phase I biotransformation 
enzyme. Among the biochemical effects mediated by the AhR-ligands, induction of CYP1A 
has intensively been used as a biomarker of environmental pollution by various pollutants 
(Fleming & Di Giulio 2011, Toyoshiba et al. 2004, Whyte et al. 2000). The 7-
ethoxyresorufin-O-deethylase (EROD) assay monitors the activity of the detoxifying enzyme 
CYP1A and is therefore a suitable biomarker for CYP1 inducers (e.g. Brack et al. 2005, 
Clemons et al. 1998, Keiter et al. 2008). The EROD assay is usually performed with 
permanent cell lines, like RTL-W1 (rainbow trout liver) or RTG (rainbow trout gonad). In 
vitro cell culture tests like the RTL-W1 EROD assay have been applied in recent years for the 
investigation of particle-bound pollutants (e.g. Gustavsson et al. 2004, Heimann et al. 2011, 
Hilscherová et al. 2000, Wang et al. 2014, Wölz et al. 2011, Xia et al. 2013). However, 
several endpoints including AhR-mediated activity in cell culture based test systems can only 
be investigated after extraction of the particle-bound pollutants to the aqueous phase using 
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e.g. Soxhlet extraction. In the context of sediment toxicity assessment, it is important to 
address the question which phase or extract should be investigated (Hollert et al. 2003). It is 
well-known that organic extractions of river sediments usually lead to the transfer of the full 
spectrum of chemicals adsorbed to the sediments to the dissolved phase and, thus, neglect the 
bioavailability of sediment contaminants (Brack 2003, Hollert et al. 2003, Rocha et al. 2011, 
Seiler et al. 2006, Zielke et al. 2011b).  
In recent years, embryos of zebrafish (Danio rerio) have received increasing attention as 
model organisms (Strähle et al. 2012). A detailed characterization of the hazard potential of 
sediments is possible with different exposure scenarios using several biotest systems. The 
embryos have been used to test the embryotoxic, teratogenic and genotoxic potential of 
environmental relevant contaminants (Wiegman S. et al. 2001) and sediment eluates or 
extracts (Kammann et al. 2004, Strmac et al. 2002). Since several professional associations 
and international networks (i.e., Society of Environmental Toxicology and Chemistry 
(SETAC), European network SedNet, European SETAC/SedNet Advisory group and the 
NORMAN Network) claim the implementation of specific effects in test strategies and 
legislations, there is a need for further research in order to develop and optimize contact 
assays for the detection of specific effects in sediments (Brack et al. 2012, Brack et al. 2013). 
Previous investigations have already adopted the Fish Embryo Toxicity (FET) test for the 
measurement of teratogenic and embryotoxic effects in native sediments (Hollert et al. 2003). 
Other studies showed that native sediments can also be used for the detection of DNA-
fragmentation in single cells of Danio rerio (e.g. Kosmehl et al. 2008, Kosmehl et al. 2006, 
Kosmehl et al. 2007). 
The joint research project DanTox aimed at developing test systems to investigate the 
ecotoxicological effects of contaminated sediments at cellular, mechanism-specific and gene 
expression levels using zebrafish embryos (Keiter et al. 2010). The present study is part of 
this project and specifically focused on the development of a method for the investigation of 
the bioavailable dioxin-like activity of sediments. Our goal is the development of a novel 
sediment contact assay for AhR-mediated toxicity. Therefore, two different methods were 
applied to investigate the activation of the detoxification metabolism through cytochrome 
P450: (i) the fish embryo EROD (FE-EROD) assay to detect AhR-mediated toxicity, and (ii) 
gene expression analysis on four CYP1 genes (cyp1a, cyp1b1, cyp1c1 and cyp1c2) and the 
ahr2 gene by using the quantitative real-time polymerase chain reaction (qPCR). Adverse 
physiological effects can often be observed at a much earlier time on the level of gene 
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expression. In this context, the investigation of the time dependent activation of the 
biotransformation system in early-stages of zebrafish (Danio rerio) is of primary importance. 
Therefore, the temporal pattern of enzyme activity at four designated times/time frames 
during the development of zebrafish embryos was investigated (48, 72, 96 and 72-96 hours 
post fertilization (hpf)). 
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 Material and methods 3.3.
 
For detailed information see chapter 2. Brief descriptions of modifications of the procedures 
are listed below. 
 
3.3.1. Exposure of the fish embryos 
In preliminary experiments the freeze-dried sediment samples were tested in the sediment 
contact assay (SCA) to identify the LC10-values. The LC10-concentration was used as the 
highest concentration in the FE-EROD assay and the qPCR to avoid acute toxic effects. The 
SCA was conducted as described in chapter 2.1.5. 
For the FE-EROD assay and qPCR embryos were exposed to five concentrations of the 
freeze-dried sediment samples in at least three independent replicates. As negative control 
embryos kept in artificial water (ISO 1996) for the appropriate testing time.  
 
Exposure to β -naphthoflavone (β-NF) 
β-NF test concentrations (5-25 µg/L) were prepared as dilutions of the dimethyl sulfoxide 
(DMSO; Sigma-Aldrich GmbH, Steinheim, Germany) stock solution (10 mg/L) with artificial 
water. The DMSO concentration was adjusted in all dilution steps with a maximal 
concentration of 0.25%. Preliminary experiments with DMSO and artificial water showed no 
differences in results for the FE-EROD assay and qPCR. Therefore, artificial water served as 
negative control. For the FE-EROD assay the exposure of the embryos were terminated after 
48, 72, 96 hpf. Additionally, the time-frame of 72 to 96 hpf were tested. For this time-frame 
the embryos were kept in artificial water up to 72 hpf and then exposed to the sediment 
extracts for 24 h. Subsequently, the FE-EROD assay was conducted according to method 
described in chapters 2.1.6. 
 
Exposure to whole (freeze-dried) sediment samples 
The sediment contact assay (SCA) was carried out according to chapter 2.1.5. 
For the FE-EROD assay and the qPCR only the time-frame of 72 to 96 hpf was chosen as it 
was the most sensitive exposure-time. Therefore, embryos were kept in artificial water up to 
72 hpf and then exposed to the sediment extracts for 24 h. Subsequently, the FE-EROD assay 
and the qPCR were conducted according to method described in chapters 2.1.6 and 2.1.7. 
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3.3.2. Oxygen measurement 
Oxygen levels were measured in three concentrations of the sediment samples to assure that 
oxygen depletion would not cause any toxic effects. The measurement of oxygen was 
performed as described by Strecker et al (2011). This measurement with a micro sensor (Oxy-
6; Precision Sensing, Regensburg, Germany) is based on luminescence quenching by 
molecular oxygen. This method consumes no oxygen itself in contrast to common sensors. 
The oxygen measurement was carried out directly above the sediment surface between 0 and 
120 h at 25°C. Mean values of oxygen concentrations were calculated of three independent 
replicates. 
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 Results  3.4.
3.4.1. Measurement of oxygen saturation  
The Rhine sediments (Altrip and Ehrenbreitstein) exhibited very low oxygen concentrations at 
the highest sediment concentration (600 mg dw/mL). The lowest oxygen levels were detected 
after 40 h of incubation in the Altrip sample (near 0 mg dw/mL). All other concentrations 
showed oxygen levels above 2 mg dw/mL, which was assumed to be sufficient for normal 
development of zebrafish embryos (Strecker et al. 2011). After 22 h of incubation, the lowest 
oxygen concentration of the Ehrenbreitstein sediment was 1 mg/mL (600 mg dw/mL). In 
concentrations between 60 and 300 mg dw/mL oxygen levels above 2 mg dw/mL were 
recorded. The freeze-dried sediment sample of the Vering canal showed no critical oxygen 
levels. All concentrations (1.8 - 30 mg dw/mL) showed high oxygen levels in the range of the 
negative control which varied between 8 and 9 mg dw/mL 
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Figure 3.1: Oxygen measurement of the Rhine River sediments (Altrip and Ehrenbreitstein) and he Vering canal 
over the time (0-120h) in three concentrations. Grey bars represent the sufficient oxygen concentration (2 mg/L) 
for a normal embryonic development. (n=3).  
 
3.4.2. Embryotoxicity and teratogenicity of the native (freeze-dried) sediment 
The investigations of each native sediment (n=4) showed valid results as the mortality of the 
negative controls was < 10%, and of the positive controls > 10% (DIN 2009).  
In a normal developed embryo the tail is detached from the yolk after 24 hpf and the eyes can 
clearly be identified. The somites as well as the chorda are visible, and spontaneous 
movement can be observed. After 48 hpf, eye and skin pigmentation are evident, and a well-
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structured spinal cord can be easily distinguished. At this developmental stage, both heartbeat 
and blood circulation can be easily observed. The hatching period starts between 48 and 
72 hpf and all embryos were hatched after 96 hpf (Figure 3.2).  
 
 
Figure 3.2: Normal development of zebrafish embryos: Zebrafish embryos exposed to artificial water (negative 
control) after 24 (A), 48, (B) 72 and (C) 96 hpf (D).  
 
All native sediments showed a potential for a range of different teratogenic effects (Figure 
3.3). These effects include general developmental retardation, lack of somite formation, 
absence of pigmentation, non-detachment of the tail as well as edema of heart and yolk sac. 
After 24 hpf of exposure to Altrip sediments (300 mg/mL), larvae only reached the epiboly 
stage (Figure 3.2 A). No eye and skin pigmentation was observed after 48 hpf of incubation to 
sediments of Altrip (300 mg dw/mL), Ehrenbreitstein (300 mg dw/mL) and the Vering canal 
(1.8 mg/mL; Figure. 3.3 B). Moreover, after 48 hpf exposure to the freeze-dried sediments 
from Altrip (150 mg dw/mL), Ehrenbreitstein (450 mg dw/mL) and the Vering canal 
(1.8 mg dw/mL) the tail was not-detached from the yolk sac (Figure 3.3 B). The larvae 
showed edemas in the heart and the yolk sac after exposure of 48, 72 and 96 hpf to Vering 
canal sediment (1.8 mg dw/mL; Figure. 3.3 B and D). Exposure to all three sediment samples 
caused a lack of blood circulation, a reduced heartbeat and deformation of the spine in all 
developmental stages (48 to 96 hpf) at concentrations of 1.8 mg dw/mL (Vering canal) and 
300 mg dw/mL (Altrip and Ehrenbreitstein; Figure 3.3 C and D). In contrast to the negative 
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control, sediments obtained from Altrip and the Vering canal caused significant changes of 
the hatching rate. Almost all larvae failed to hatch after 96 hpf at concentrations of 
75 mg dw/mL (Altrip) and 1.8 mg dw/mL (Vering canal). 
 
 
 
 
Figure 3.3: Zebrafish embryos after exposure to sediment extracts: Embryos with retardation of development; 
stadium of epiboly after 24 hpf (A); non-detachment of the tail as well as absence of pigmentation, lacking 
somites and edema of the heart after 48 hpf. (B); deformation of the spin in the tail after hatching (72 hpf) (C), 
hatched embryo with lacking blood-circulation as well as edemas in the heart and the yolk sac region and 
deformation of the spin after 96 hpf (D). 
 
The calculated LC50-values of different exposure times for the three sediment samples are 
presented in Table 3.1. All freeze-dried sediments showed embryotoxic potential. In addition, 
prolonged exposure time increased the mortality of zebrafish embryos significantly with an 
exception to Altrip, which showed stable LC50-values (162.6 mg dw/mL after 24 hpf and 
160 mg dw/mL after 96 hpf) through all time-frames. The strongest embryotoxic potential 
was shown by the Vering canal with LC50-values between 11.8 mg dw/mL (24 hpf) and 
1.2 mg dw/mL (96 hpf). After 96 hpf of exposure to Altrip and Ehrenbreitstein LC50-values of 
160 and 354.6 mg dw/mL were obtained, respectively. Coagulation of the embryos and a 
lacking heartbeat were the most common lethal effects after exposure to the sediments at all 
incubation times. 
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Table 3.1: Lethal effect concentrations (LC50): Recorded after 24, 48, 72 and 72 h of exposure of D. rerio 
embryos to freeze-dried sediment samples from the Rhine River (Altrip and Ehrenbreitstein) and the Vering 
canal (Hamburg). LC50-values were calculated as mean of three independent replicates. 
Sediment LC50 24 h 
mg dw/mL 
LC50 48 h 
mg dw/mL 
LC50 72 h 
mg dw/mL 
LC50 96 h 
mg dw/mL 
Altrip 162.6 162.6 160.2 160. 
Ehrenbreitstein 490.2 367.2 356.4 354.6 
Vering canal 11.8 7.0 4.4 1.2 
 
 
3.4.3. EROD-activity 
The cell-homogenate derived from intact zebrafish embryos exposed to the three sediment 
samples as well as to β-NF as a positive control were used in the following investigations. 
As preliminary experiments, the FE-  OD assay was conducted with β-NF to establish and 
optimize the test protocol. In the beginning the cell based RTL-W1 protocol for the 
conventional EROD assay was chosen. To obtain an optimal EROD activity during the early 
development of zebrafish, embryos were exposed to β-NF for 48, 72 and 96 hpf and within a 
time-frame of 72 to 96 hpf (Figure 3.4). 
 
 
Figure 3.4: Time and concentration-dependent EROD activity in negative controls (NC) and β-NF exposed 
Danio rerio embryos. Bars represent mean values and standard deviation (n = 4). Asterisks indicate significant 
differences between control and exposed samples at given time point (ANOVA, p≤0.05). 
 
EROD activity was not significantly altered in β-NF exposed embryos at 48 hpf and 72 hpf 
compared to the control. Significant differences were found at 96 hpf and 72 to 96 hpf 
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(p≤0.05). The highest measured enzyme activity was 0.061 pmol/(mg*min) after exposure to 
β-NF for 72 to 96 hpf. Therefore, this exposure time was selected for the investigations of the 
AhR-mediated toxicity of native sediments. 
EROD activity did not significantly alter in embryos after exposure to sediments from Altrip 
and Ehrenbreitstein when compared to the controls (data not shown). The treatment group 
with sediments from the Vering canal showed significantly increased EROD activity 
compared to the control in all concentrations (Figure 3.5). However, no concentration-
response curve could be obtained. EROD activity varied between 0.093 to 
0.13 pmol/(mg*min). The highest significant EROD induction was measured (ANOVA, 
p≤0.05) after exposure to a concentration of 0.3 mg dw/mL. 
 
 
Figure 3.5: Concentration-dependent EROD activity in negative controls (NC) and sediment exposed Danio 
rerio embryos. Bars represent mean values and standard deviation (n = 4). Asterisks indicate significant 
differences between control and exposed samples at given time point (ANOVA, p≤0.05). 
 
3.4.4. Gene expression analysis 
After exposure to the freeze-dried sediments from Ehrenbreitstein, Altrip and the Vering canal 
significantly up-regulated gene expressions were found in the time-frame of 72 to 96 hpf for 
all CYP1 genes investigated (with exception of cyp1c2 after Ehrenbreitstein exposure; Figure 
3.6). All three sediment samples revealed similar gene expression patterns. The highest 
inductions were found for cyp1a and in decreasing order for cyp1b1, cyp1c1 and cyp1c2. 
Highest significant up-regulation (62-fold) was found for cyp1a in Vering canal exposed 
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embryos (1.2 mg dw/mL). The two Rhine sediments (Ehrenbreitstein and Altrip) also showed 
significant induction at this time-point; however, induction was only between 2 and 4-fold 
higher than the basal activity of the negative control. Exposure to all three freeze-dried 
sediment samples showed no significant mRNA up-regulation for the ahr2 gene. 
 
 
Figure 3.6: Sediment induced gene expression in Danio rerio embryos (72 to 96 hpf). Expression is shown as 
the multiple of the control (fold-change), normalized to eef1a. Bars represent mean values and standard deviation 
(n=3). Asterisks indicate significant differences compared to the negative control (NC) at given time-point 
(ANOVA, p≤0.05).  
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  Discussion 3.5.
Investigations on whole-sediments are of very high ecological relevance as they take 
bioavailability into account (Heise & Ahlf 2005, Hollert et al. 2003, Rocha et al. 2011). 
Therefore, sediment contact assays should be applied to assess contamination with e.g. 
dioxin-like compounds (Feiler et al. 2005, Höss et al. 2010, Triebskorn et al. 1997). Zebrafish 
provide this possibility as it was already shown that they can be used to investigate the 
bioavailable embryotoxic, teratogenic and genotoxic hazard potential of whole sediments 
(Hollert et al. 2003, Kosmehl et al. 2006). Moreover, early-life stages of zebrafish are more 
sensitive to environmental alterations than adult animals (Lange et al. 1995, Sundberg et al. 
2005); therefore, preferably early-life stages should be examined. To date, the embryonic 
gene and protein expression and signaling in early-life stages of zebrafish is not completely 
understood; thus, the investigation of the time-dependent activation of biotransformation 
systems during the development of zebrafish is of high interest. The present study can provide 
a contribution to the understanding of the underlying processes. In particular, knowing the full 
complement of cytochrome P450 genes, their expression and activity is essential for 
understanding their role in the metabolism of toxic substances and embryonic development 
itself. Consequently, gene expression analyses (qPCR) and the FE-EROD assay were 
performed to investigate the activation of the AhR-mediated detoxification system at four 
designated times/time-frames (48, 72, 96 and 72 to 96 hpf) during the early development of 
Danio rerio embryos. 
 
3.5.1. Teratogenicity and embryotoxicity of the sediments 
In order to exclude that toxic effects are caused by oxygen depletion, oxygen levels were 
recorded between 1 and 120 h of incubation. For the highest concentration (600 mg dw/mL) 
of the two Rhine River sediments oxygen levels were approximately 0 mg/mL after 40 h of 
incubation. Throughout incubation time, oxygen levels never exceeded 1 mg/mL. For all other 
test concentrations, oxygen levels were above 2 mg/mL. The freeze-dried sediment sample 
from Vering canal showed oxygen levels between 8 and 9 mg/mL in all concentrations (1.8-
30 mg dw/mL). Strecker et al (2011) stated that even at oxygen levels as low as 3 mg/mL, 
which should be expected to be lethal to adults of other cyprinid fishes, Danio rerio embryos 
did not show any symptoms of malformation or growth retardations. Therefore, it can be 
assumed that the observed teratogenic effects are caused by the exposure to the three sediment 
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samples (except the highest concentration of Altrip and Ehrenbreitstein) and not by oxygen 
depletion. 
The sediment samples from the Vering canal showed the highest embryotoxic potential with 
LC50-values of 7 and 1.2 mg dw/mL after 48 and 96 hpf of exposure, respectively. The 
sediment from Ehrenbreitstein revealed a LC50-value of 354.6 mg dw/mL after 96 hpf. The 
sampling site Altrip is also used as a reference site by the BfG representing a low 
contaminated sediment (Feiler et al. 2009, Höss et al. 2010); however, the own results (LC50 = 
160 mg dw/mL after 96 hpf) indicate that this sampling site possess a higher grade of 
contamination than sediment from Ehrenbreitstein. Moreover, Feiler et al. (2009) shows that 
sediments from Ehrenbreitstein contain more PAHs and PCBs than sediments from Altrip. As 
for PAHs, in sediments from Altrip and Ehrenbreitstein concentrations of 2.9 and 3.8 mg/kg 
were found, respectively. Chemical analysis conducted as part of the DanTox project on the 
applied sediment samples showed a total sum of the 16 EPA-PAHs in sediments of Altrip of 
5 mg/kg and 6.8 mg/kg in sediments of Ehrenbreitstein (Garcia-Käufer et al., unpublished 
data); PCBs are found in concentrations of 29 and 15 µg/kg sediment in Altrip and 
Ehrenbreitstein, respectively. Feiler et al. (2009) also reported high concentrations of PAHs 
(509.4 mg/kg sediment) for the sampling site at the Vering canal. Our own results showed a 
total amount of PAHs of 1323 mg/kg which is more than 2-fold higher as measured in earlier 
studies (Feiler et al. 2009). Therefore, the comparable high embryotoxicity of this sample can 
be explained by a high PAH contamination. However, in this context it is important to 
mention that sediment samples contain a mixture of potentially toxic compounds. Hence, 
other substance classes like herbicides and pesticides can cause the embryotoxicity of the 
sediment samples. A detailed chemical analysis is of great importance to identify the 
unknown pollutants causing the moderate to high embryotoxicity of the three sediment 
samples. 
After exposure to each sediment sample the most frequently detected teratogenic effects were 
general retardations of the embryos, pericardial edema and a reduced heartbeat as well as 
blood circulation. Additionally, samples of Altrip and the Vering canal influenced the 
hatching rate of zebrafish embryos. Former studies have already shown that teratogenic 
effects in early-life stages of fishes are caused by a number of PAHs (Barron et al. 2004). 
Some PAHs as well as PCBs and other dioxin-like compounds are well known to cause a 
range of developmental disorders including edema of the pericardium (Cantrell et al. 1998, 
Sundberg et al. 2005), spinal deformations (Incardona et al. 2005) and a decreased blood 
circulation (Cantrell et al. 1998, Teraoka et al. 2010). PCBs are well known to increase 
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mortality and to influence the hatching rate in early-life stages of different fish species 
(Billsson et al. 1998, Hollert et al. 2003, Matta et al. 1997, Westerlund et al. 2000). Strmac et 
al. (2002) recorded a significant delay of the hatching rate of zebrafish embryos after 
exposure to PCB-contaminated sediment extracts from the river Körsch in Southern Germany. 
The influence of sediments from Altrip on the hatching rate may be explained by the presence 
of PCBs (Σ PCBs 29 µg/kg). Data about PCB contamination of the Vering canal are not yet 
available. However, former investigations showed high PCB-concentrations in sediment 
(286.0 µg/kg; Feiler et al. 2009) and fishes from the Vering canal (Götz et al. 1998). Thus, a 
high concentration of PCBs can be expected in the recent sample of the Vering canal. These 
previously explained symptoms may be regarded as mediated by the Ah-receptor when 
caused by pollutants with AhR-affinity as PAHs, PCBs and PCDDs (King-Heiden et al. 2012, 
Sundberg et al. 2005). These results were confirmed by testing alumina fractions (cf. 
chapter 7): same teratogenic effects were observed in the fraction 2 containing substance 
classes like PAHs. Furthermore, the teratogenic effects were found in the same fraction that 
also induced in the FE-EROD. The activation of the AhR pathway in endothelial cells may 
increase vascular permeability leading to edema (Prasch et al. 2003, Xiong et al. 2008). 
Knock down with morpholino antisense oligonucleotides (MOs) of the AhR2 protects against 
the developmental toxicity of certain low molecular PAHs, β-NF and TCDD (Van Tiem & Di 
Giulio 2011). Other studies with MOs indicate that pericardial edemas as well as a reduced 
blood circulation induced by TCDD are mediated by the AhR2 (Prasch et al. 2003, Teraoka et 
al. 2010). Therefore, for the present study it is likely that the observed developmental 
disorders were mediated by AhR2. However, to clarify this argumentation a detailed chemical 
analysis and effect-directed fractionation should be conducted. As mentioned before, 
sediment samples contain a high number of potentially toxic compounds. Therefore, also 
other substance classes may be contributing to the observed effects. 
. 
3.5.2. AhR-mediated toxicity  
The induction of CYPs is one of the most studied biomarkers for environmental 
contamination in aquatic ecosystems. There is evidence that the induction of CYPs in fish 
shows a concentration-dependent increase related to the levels of PCBs and PAHs in the 
organisms and in the environment (Giesy et al. 2002, Toomey et al. 2001, Whyte et al. 2000). 
So far the level of CYP activity induced by contaminated environmental samples has been 
determined using adult fish or permanent cell lines (Brack et al. 2000, Keiter et al. 2008, Otte 
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et al. 2008). In this study a newly developed sediment contact assay with whole zebrafish 
embryos were performed to investigate the AhR-mediated toxicity of freeze-dried sediments. 
In a preliminary study, the FE-  OD assay was conducted with β-NF as positive control in 
order to determine the most sensitive exposure time or time frame. Thus, the embryos were 
exposed to five concentrations of β-NF (5 to 25 µg/L) and four selected exposure times/time-
frame (48, 72, 96 and 72-96 hpf).  
Exposure to β-NF led to induction of EROD activity starting at 72 hpf; however, significant 
induction was found at 96 hpf and for the exposure time frame of 72 to 96 hpf at a 
concentration of 20 µg/L. The latter showed the highest induction of EROD. A reason for the 
significant peak after 96 hpf is the increased embryonic capability of gas exchange to 
increasingly more efficient gills and circulatory system. This might lead to more capable 
toxicokinetics and finally to increased enzyme activity (Otte et al. 2010). These results are in 
accordance with findings by Mattingly and Toscano (2001) who found cyp1a mRNA but no 
CYP1A protein or EROD activities in zebrafish embryos until 72 hpf. Therefore, they 
suspected cyp1a mRNA silencing. In contrast, Otte et al. (2010) had shown in vivo EROD 
activity in distinct tissues of the zebrafish embryo in different developmental stages between 8 
and 132 hpf. Andreasen et al. (2002a) reported CYP1A protein at 36 hpf. EROD activity was 
specifically found in tissues of the cardiovascular system and the urinary tract. This 
disagreement in CYP1 expression patterns, calls for more precise studies focusing on the 
protein expression of CYPs during embryonic development to confirm these results. 
Due to the results of β-NF, the freeze-dried sediment samples were tested in the time frame of 
72 to 96 hpf in the FE-EROD assay and qPCR, respectively. The freeze-dried sediment from 
the Vering canal lead to the highest   OD induction compared to β-NF exposed embryos. A 
significant EROD activity is already shown at the lowest concentration (0.08 mg dw/mL). 
However, there is only a slight tendency towards a concentration-response relationship. The 
highest induction of EROD activity is shown at a concentration of 0.3 mg dw/mL 
(0.12 pmol/(mg*min)). Acute toxicity might be responsible for a slight decrease of induction 
at concentrations of 0.6 and 1.2 mg dw/mL. As the sample of the Vering canal is highly toxic 
no concentration below 1.2 mg dw/mL could be evaluated. 
Transcript levels of CYP1 genes were significantly induced in zebrafish embryos after 
exposure to freeze-dried sediment samples from the Vering canal. A remarkable high 
induction (62-fold) was observed for cyp1a after an exposure from 72 to 96 hpf. The 
significant high induction of the CYP1 proteins as well as CYP1 mRNAs of the Vering canal 
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can be explained by the very high levels of potentially bioavailable PAHs (1323 mg/kg 
PAHs) and PCBs which are mediated by the AhR.  
The sediments from the Rhine River (Altrip and Ehrenbreitstein) showed no significant 
EROD induction. A significant CYP1 mRNA induction was found. However, the induction 
was only between 2 and 4-fold higher than the basal activity of the negative control. Chemical 
analysis demonstrated moderate PAH and PCB concentrations in both samples and 
consequently the up-regulation of the CYP1 genes is also moderate. 
The basal expression of CYP1 genes is highest at different times, suggesting that the four 
genes may play physiological roles at different times during development, (Bräunig et al. 
2014; unpublished data; (Jönsson et al. 2007b). Former investigation showed a maximum 
level of induction around the onset of hatching. In accordance with previously published 
results from Jönsson et al. (2007b), induction of cyp1a and cyp1b was higher than of cyp1cs. 
These results clearly document the relevance of investigating the time-dependent activation of 
the biotransformation system of Danio rerio. Therefore, it is of highest interest to investigate 
the temporal pattern of gene expression. 
The exposure to all freeze-dried sediment samples showed no significant up-regulation of the 
ahr2´s mRNA. Previously, ahr2 induction has been reported after exposure to TCDD in 
zebrafish embryos (Andreasen et al. 2002b, Tanguay et al. 1999) and after exposure to β-NF 
in white sturgeon (Doering et al. 2012). In this study ahr2 mRNA expression increased 
approximately 1.8 to 2-fold after exposure to β-NF (not significant). Together these results 
suggest that a strong up-regulation may be accompanied by up-regulation of the ahr2 
transcript if exposure is strong enough. However, it has to be determined if the increase of 
ahr2 transcript result in higher amounts of intact protein binding ligands. These findings 
strongly reflect the CYP1’s inducibility by Ah  agonists. Another explanation may be that 
zebrafish have two other identified AhR-isoforms (AhR1A and B) and the four CYP1 genes 
may be at least partially controlled by one or both of these isoforms (Van Tiem & Di Giulio 
2011). The role of zebrafish AhR1A and AhR1B in the toxicity of PAHs has not yet been 
examined. 
Nevertheless, it must be taken into account, that complex environmental samples contains 
also other inductors like dioxins and furans as well as heterocyclic aromatic compounds 
which are known to bind to the AhR and accordingly induce EROD. Hollert and co-workers 
(2002a), for example, showed that priority pollutants in sediment samples were responsible 
for less than 1% of EROD activity, whereas unknown pollutants like heterocyclic aromatic 
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compounds with incorporated nitrogen, sulfur or oxygen (NSO-HET) or non-priority PAHs 
induced most of the observed activity (Hecker & Giesy 2011, Hinger et al. 2011). 
 
Suitability of the newly developed EROD assay 
The FE-EROD assay was used for the evaluation of bioavailable substances of native (freeze-
dried) sediment samples. An obvious advantage is that embryos are by legislation not 
considered as animals (EC, 1986). Hence, the FE-EROD assay can be considered as an 
alternative to animal testing (Lammer et al. 2009a). 
The results of the study clearly document the suitability of an EROD assay on the basis of 
zebrafish embryos. Especially the exposure to whole sediments represents a realistic scenario 
to simulate in situ conditions (Chapman & Hollert 2006; Feiler et al. 2009). The novel contact 
assay can estimate the hazard potential of only those compounds that are bioavailable under 
aqueous filed conditions.  
β-NF was used as a positive control as this substance is known as a strong EROD inducer 
(Doering et al. 2012). The   OD induction of β-NF was significant with 0.06 pmol/(mg*min) 
but lower than the induction of all three sediment samples (between 0.07 and 
0.13 pmol/(mg*min)). Hence, β-NF is not a suitable positive control for the FE-EROD assay. 
A better alternative should be elucidated as a positive control. PAHs as well as PCBs are well 
known as strong EROD inducers (Clemons et al 1998, Goldstone et al. 2009).  
The coefficient of variance of the negative control data of the FE-EROD assay is 25% (n=30) 
and compared to the RTL-W1 EROD with a variance of 35% (n=59, Keiter et al. 2009) it is 
lower. However, to truly compare the sensitivity of the FE-EROD assay the same sediment 
samples should be investigated with the RTL-W1 cells.  
To sum it up, the newly developed bioassay is suitable for the investigation of complex 
environmental samples as well as for monosubstances. The variability of the negative control 
is comparable to already established bioassays. However, this test system has the main 
advantage that it can take bioavailability into account. A suitable positive control is still 
missing and has to be elucidated in further experiments. Additionally, the three tested 
sediment samples should be investigated with the RTL-W1 EROD assay in order to compare 
the bioassays and to give further insights about the sensitivity of the FE-EROD assay. 
 Conclusion and Outlook  3.6.
The aim of the present study was the development of a vertebrate-based test system for the 
investigation of the bioavailable AhR-mediated toxicity of contaminated sediments using 
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zebrafish embryos. Therefore, AhR-mediated CYP1 induction in zebrafish was investigated 
across embryonic development on the level of gene expression and enzyme activity. 
Additionally, teratogenic effects of the sediment-bound pollutants in zebrafish embryos were 
investigated.  
The results of the present study clearly document the suitability of the FE-EROD assay on the 
basis of zebrafish embryos for the assessment of AhR-mediated toxicity of single chemicals 
as well as of complex environmental samples, in particular whole sediments. The earliest time 
at which EROD activity was definitely measureable in β-NF exposed embryos was at 96 hpf. 
Therefore, in future applications of the EROD assay, it is recommended to measure in vitro 
EROD activity not earlier than 72 hpf. The exposure scenario could be shortened to a time 
frame of 24 hours, using the exposure window between 72 and 96 hpf with subsequent 
measurement of EROD activity. Moreover, the combination of the EROD assay and the gene 
expression analysis with the exposure of intact zebrafish embryos to native (freeze-dried) 
sediment samples provides a highly realistic and ecologically relevant exposure scenario that 
takes bioavailability into account. This is of high relevance, especially in cases when results 
should be extrapolated to field situations in rivers and lakes. 
As a prospect for future research, a western blot with specific antibody tagging of the proteins 
could be performed to investigate protein expression of the CYP1s and to clarify the 
disagreement of the presence of CYP1 proteins during embryonic development. As the 
CYP2’s and CYP3’s of zebrafish are also active in xenobiotic metabolism, it would be of 
interest to investigate their basal and induced gene expression and to compare them to 
CYP1’s. To analyze the suitability of the F -EROD assay for field applications, the AhR-
mediated toxicity of extracts and fractions of the used sediments are currently being 
investigated. Moreover, these sediment extracts should also be analyzed in the in vitro EROD 
bioassay and compared with the FE-EROD assay. 
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 Abstract 4.1.
The European Water Framework Directive (EWFD) proclaims the goals of a good ecological 
and chemical status in the surface water of European rivers until 2015 in its manifest. 
However, these goals cannot be fulfilled without basic research as many relevant questions 
remain unanswered. In particular, sediments and particulate matters are well known for being 
sinks and also secondary sources of pollutants. Thus, applied sediment toxicology is of major 
relevance for the objectives set by the EWFD. The present study is part of the joint research 
project DanTox, which – among other specific endpoints – investigates embryotoxic and 
AhR-mediated effects of sediment extracts from the Rhine River (Ehrenbreitstein and Altrip) 
and the outer Vering canal of Hamburg using Danio rerio embryos. Sediment extracts were 
investigated after in vivo exposure using the Fish Embryo Toxicity (FET) test and the novel 
fish embryo EROD assay (FE-EROD). The obtained LC50-values ranged from 
1.3 mg SEQ/ml (Vering canal) to 25.8 mg SEQ/ml (Ehrenbreitstein). Moreover, the results 
showed a clear increase of lethal effects over time (24, 48, 72 and 96 hpf) for all three 
samples. All sediment extracts showed a clear concentration-dependent EROD activity. The 
overall highest induction was found for the sediment extract of the Vering canal after a short-
term exposure of 72 to 96 hpf. To achieve the goals of the EWFD it is of particular interest to 
establish a combined vertebrate-based sediment contact assay with different biological 
endpoints (e.g. embryotoxicity, teratogenicity, and AhR-mediated toxicity). Therefore, the 
present study may serve a first step for establishing such specific biomarkers to determine the 
ecotoxicological effects of sediment-bound pollutants.  
 
Table 1 could look like this 
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 Introduction 4.2.
Aquatic ecosystems receive contaminants from many different sources. These may be point 
sources such as sewage or industrial effluents (Frost et al. 1993, Ritter et al. 2002) or diffuse 
sources such as atmospheric deposition (Ritter et al. 2002, Rossini et al. 2005) or agricultural 
run-off (Schulz 2001) Thus, the chemical pollution of aquatic ecosystems is a key 
environmental problem in almost all parts of the world (Schwarzenbach et al. 2006). 
The European Water Framework Directive (EWFD 2000/60/EC) intends to establish good 
ecological and chemical conditions of surface waters in European rivers until the year 2015. 
Pollutants that are released into water bodies have a high affinity to adsorb to dissolved 
organic matter or particles. After adsorption, the immobilized contaminants deposit into the 
sediment. Sedimentation of pollutants is, in the short-term perspective, an improvement of the 
habitat for pelagic organisms. Their presence in the water column is decreased and with it 
their toxicity (Eggleton & Thomas 2004). However, pollutants are accumulated in the 
sediment and, thus, provide a potential threat for benthic living organisms (Thomas et al. 
2002). Naturally occurring events such as storms, currents and flood events (Hollert et al. 
2009a), as well as human activities like dredging, deposition of dredged sediment and 
trawling, can cause re-suspension of contaminated sediments. Thus, causing the associated 
pollutants to re-enter the water body (Eggleton & Thomas 2004). Sediments are therefore a 
very important water quality factor. They are the intention of the EWFD as they not only 
represent a sink for water soluble pollutants but also, in certain cases, a source for water 
pollution (Ahlf et al. 2002). 
Historically sediment assessment was conducted through chemical-analytic methods. Yet, as 
sediments can contain a complex mixture of toxic compounds it is important to conduct 
biological tests in combination with chemical analysis (Hollert et al. 2009a). Toxicity tests 
with prokaryotic bacteria and tests with invertebrates are well established for the evaluation of 
sediment toxicity (Chen & White 2004, Ingersoll et al. 1995). In vivo tests with intact 
organisms such as fish are highly controversial because of poor reproduction and ethical 
conflicts (Hallare et al. 2011, Strähle et al. 2012). Therefore in vitro cell culture tests and 
early-life stage tests with fish eggs have been applied in recent years for the investigation of 
particle-bound pollutants (Hallare et al. 2005a, Hollert et al. 2003, Kosmehl et al. 2006, Nagel 
2002). The recently developed contact assay with zebrafish embryos and larvae (Schiwy et al. 
2014, submitted) provide the possibility to perform the EROD assay with cells derived from 
entire zebrafish embryos and/or larvae after in vivo exposure to native sediments as well as to 
Chapter 4 - Introduction 
60 
organic sediment extracts. The induction of EROD is one of the best studied biomarkers for 
environmental contamination in aquatic ecosystems and is also one of the most sensitive and 
commonly used biomarker in adult fish (van der Oost et al. 2003). It is therefore a very 
suitable tool to evaluate the degree and possible risk of environmental contamination. The 
EROD assay monitors the xenobiotic-metabolizing enzymes of the cytochrome P450 
dependent monooxygenases (CYP). The subfamily CYP1A, especially, catalyzes many 
phase I biotransformations and is induced by chemicals such as polychlorinated biphenyls 
(PCBs), polycyclic aromatic hydrocarbons (PAHs) and polychlorinated dibenzodioxins and -
furans (PCDD/Fs; van der Oost et al. 2003). Additionally, to the priority chemicals a non-
priority group is suspected to have the potential to induce EROD-activity. Hinger et al. (2011) 
demonstrated that heterocyclic aromatic compounds with an incorporated nitrogen, sulfur or 
oxygen (NSO-HETs) have the potential to induce EROD-activity. As of their similar sterical, 
coplanar structure they all represent ligands for the aryl hydrocarbon receptor (AhR), which 
mediates the induction of CYP1A. It plays a major role in the metabolism of many 
xenobiotics as well as endogenous substances (e.g. fatty acids, steroids; Bernhardt 1996, 
Whyte et al. 2000) and is the best characterized and most strongly induced gene in developing 
zebrafish (Kubota et al. 2011). However, studies with zebrafish showed inconsistent results 
regarding the role of CYP1A in exposed embryos (Antkiewicz et al. 2006, Carney et al. 2004, 
Kubota et al. 2011). These studies imply the involvement of other AhR-regulated genes, 
including other CYP1s (Goldstone et al. 2010, Hahn 2002, Jönsson et al. 2007b). Therefore, 
study’s like the present, can provide a contribution to the understanding.  
The presented study is conducted as a part of the DanTox project (Keiter et al. 2010), which is 
a joint research project aiming to identify specific toxicity and molecular modes of action of 
sediment bound pollutants using zebrafish. The general aim of this study was to determine the 
embryotoxicity, teratogenicity and the AhR-mediated toxicity of sediment extract samples 
with the fish embryo EROD assay (FE-EROD) and the Fish Embryo Toxicity (FET) test, 
using Danio rerio embryos. The FE-EROD assay was conducted according to the newly 
developed test procedure by Schiwy and co-workers (2014, submitted). The objective of the 
FE-EROD assay was to investigate the temporal pattern of enzyme activity of CYP1 
monooxygenases in the embryo of the zebrafish to identify the suitable exposure time and 
determination of EROD activity in zebrafish embryos. Additionally, the results of the FET 
and the FE-EROD assay were compared to the chemical analysis of the sediment extracts. 
The focus of the chemical analysis was on the one hand on priority PAHs and on the other 
hand on the non-priority group of NSO-HETs. 
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 Material and methods 4.3.
For detailed information see chapter 2. Brief descriptions of modifications of the procedures 
are listed below. 
 
4.3.1. Exposure of the fish embryos 
In preliminary experiments the extracts were tested in the FET to investigate the embryotoxic 
and teratogenic potential. The LC10-concentration was used as the highest concentration in the 
FE-EROD assay to avoid acute toxic effects. The FET was conducted as described in chapter 
2.1.4. 
For the FE-EROD assay and the FET embryos were exposed to five concentrations in at least 
three independent replicates. As negative control embryos were kept in artificial water (ISO 
1996) for the appropriate testing time. After 48, 72, 96 or 72-96 hpf the exposure of embryos 
was terminated. Subsequently, the FE-EROD assay was conducted according to method 
described in chapter 2.1.6. 
 
4.3.2. Chemical analysis of NSO-HETs 
For the chemical analysis of NSO-HETs 10 g freeze-fried sediment were extracted as 
described in chapter 2.1.1. Elemental sulfur was removed by adding activated copper to the 
extracts. After extraction the sediment samples from the Rhine River (Altrip and 
Ehrenbreitstein) and the Vering canal were analysed by GC/MS after liquid-liquid extraction 
(LLE) to identify present heterocyclic compounds (cf. chapter 2.1.8). 
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 Results 4.4.
4.4.1. Fish embryo Toxicity (FET) test 
Valid results were obtained for all FETs (n=4). For the negative controls the mortality was 
< 10%, and the positive control exhibited > 10% mortality (DIN, 2009). The mean mortality 
of the solvent control was 3.7% for all replicates (n=19). 
All tested sediment extracts showed a clear concentration-response curve. Table 4.1 shows the 
calculated LC50-values sorted according to their exposure time. All sediment samples showed 
an embryotoxic potential to the zebrafish embryos. Additionally, a prolonged exposure time 
caused a significant increase in the zebrafish embryo´s mortality. The strongest embryotoxic 
potential showed the Vering canal with LC50-values between 6.3 mg SEQ/mL (24 hpf) and 
1.3 mg SEQ/mL (96 hpf). The exposure to Altrip and Ehrenbreitstein showed after 96 hpf of 
exposure LC50-values of 16.4 and 19.5 mg SEQ/mL, respectively. 
 
Table 4.1: Lethal effect concentrations (LC50) recorded after 24, 48, 72 and 72 h of exposure of Danio rerio 
embryos to sediment extracts from the Rhine River (Altrip and Ehrenbreitstein) and the Vering canal (Hamburg). 
LC50-values were calculated as mean of three independent replicates. 
Sedimentextract 
LC50 24 h 
mg SEQ/mL 
LC50 48 h 
mg SEQ/mL 
LC50 72 h 
mg SEQ/mL 
LC50 96 h 
mg SEQ/mL 
Altrip 22.8 17.5 17.1 16.4 
Ehrenbreitstein 25.8 21.3 19.9 19.5 
Vering canal 6.7 5,5 3.3 1.3 
 
The most common observed lethal effects after exposure to the sediment extracts at all 
incubation times were coagulation of the embryos as well as a lacking heartbeat. Additionally, 
all sediment extracts showed a range of different non-lethal effects. After 48 hpf no eye and 
skin pigmentation was observed after exposure to extracts of Altrip (12.5 mg SEQ/mL; 
Ehrenbreitstein (25 mg SQE/mL) and the Vering canal (0.4 mg SEQ/mL; Figure 4.1 A 
and B). Furthermore, sediment extracts from Altrip (18.75 mg SEQ/mL), Ehrenbreitstein 
(25 mg SEQ/mL) and the Vering canal (0.4 mg SEQ/mL) caused non-detachment of the tail 
after 72 hpf(Figure 4.1 C). Exposure to all three sediment extracts caused a lack of blood 
circulation and a reduced heartbeat in developmental stages from 48 to 96 hpf at 
concentrations of 12.5 mg SEQ/mL (Altrip), 25 mg SEQ/mL (Ehrenbreitstein) and 
0.4 mg SEQ/mL (Vering canal). In contrast to the negative control, a delay in hatching was 
observed after exposure to sediment extracts from Altrip and the Vering canal after 96 hpf in 
concentrations of 12.5 and 0.8 mg SEQ/mL, respectively. Moreover, deformation of the spin 
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in the tail region was observed after exposure to Altrip (18.75 mg SEQ/mL) and 
Ehrenbreitstein (25 mg SEQ/mL; Figure 4.1 D). 
 
 
Figure 4.1: Zebrafish embryos after exposure to sediment extracts: Embryos with retardation of development; 
absence of pigmentation of skin and eyes as well as a pericardial edema after 48 hpf (A). Embryo with reduced 
blood flow, heartbeat as well as no pigmentation of eye and skin and pericardial and yolk sac edemas (B); non 
detachment of the tail, deformation of the spin and a pericardial edema in stuck during hatching (72 hpf; C), 
hatched embryo with lacking blood-circulation as well as deformation and initiating coagulation of the spin after 
96 hpf (D). 
 
4.4.2. EROD activity 
The FE-EROD assay was conducted according to Schiwy et al. (2014; submitted). 
Homogenates derived from whole zebrafish embryos exposed to the three sediment extracts 
(as described before) were investigated to detect the most sensitive exposure time for 
measuring EROD activity. The selected time frames were: 0 – 48 hpf, 0 – 72 hpf, 0 - 96 hpf 
and 72 - 96 hpf (Figure 4.2). 
For all three sediment extracts EROD activity in zebrafish embryos significantly differs from 
the negative control after 96 and 72 to 96 hpf (t-test, p≤0.05). Highest activity measured was 
0.08 pmol/(mg*min) after 72 to 96 hpf (0.2 mg SEQ/mL) exposure to the Vering canal 
extract. Embryos exposed to Altrip and Ehrenbreitstein (10 mg SEQ/mL) showed similar 
EROD activities with 0.071 and 0.069 pmol/(mg*min) after 24 h of exposure from 72 to 
96hpf. 
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Figure 4.2: Time dependent EROD activity in Danio rerio embryos exposed to sediment extracts. Bars represent 
mean values and standard deviation. Asterisks indicate significant differences between control and exposed 
samples at given time point (t-test, p≤0.05). 
 
 
4.4.3. Concentrations of heterocyclic aromatic hydrocarbons 
NSO-HETs were determined in the sediment samples from the Rhine River (Altrip and 
Ehrenbreitstein) and the Vering canal. 
The highest sum concentration of NSO-HETs was analyzed for the sediment sample from the 
Vering canal (∑ 2308 µg/Kg). In both Rhine River sediments only minor concentrations could 
be detected with sum concentrations of 9.3 µg/Kg (Altrip) and 3.7 µg/Kg (Ehrenbreitstein), 
respectively (Table 4.2). The highest concentrations were measured in the Vering canal for 
dibenzofurane (625 µg/Kg), 2-methyldibenzofurane (550 µg/Kg) and dibenzothiophene 
(350 µg/Kg) followed by acridine (212.5 µg/Kg) and carbazole (177.5 µg/Kg). 
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Table 4.2: Concentrations of the NSO-HETs in sediment samples from the Rhine River (Altrip and 
Ehrenbreitstein) and the Vering canal quantified by GC/MS in µg/Kg. 
Substance Altrip Ehrenbreitstein Vering canal 
Thiophene 0.10 0.10 1 
Pyrrole 0.23 0.09 5.75 
2-Methylthiophene 0.23 0.20 2.30 
3-Methylthiophene 0.36 0.28 2.75 
2,5-Dimethylthiophene 0.05 0.02 0.48 
2,3-Dimethylthiophene 0.07 0.04 0.58 
Benzofuran 0.24 0.29 11.75 
Indan 0.12 0.08 14.25 
Inden 0.99 1.25 60 
2- + 3-Methylbenzofuran 0.02 0.03 5 
Dibenzofuran 0.28 0.15 625 
Benzothiophene 0.03 < LOQ 4.75 
2,3-Dimethylbenzofuran < LOQ < LOQ 1.25 
Quinoline 0.13 0.06 1.73 
Isoquinoline 0.14 < LOQ 1.58 
2-Methylbenzothiophene 0.02 < LOQ 3.25 
3-Methylbenzothiophene 0.10 0.08 4.50 
5-Methylbenzothiophene 0.07 0.02 5 
3,5-Dimethylbenzothiophen 0.05 0.03 1.43 
2-Methylquinoline 0.10 < LOQ 17.25 
8-Methylquinoline < LOQ < LOQ 10.5 
3-Methylquinoline 0.04 < LOQ 1.07 
4-Methylquinoline 0.12 < LOQ 1.38 
3-Methylisoquinoline 0.02 < LOQ 3.75 
1-Methylisoquinoline < LOQ < LOQ 2.15 
2,6-Dimethylquinoline 0.06 0.04 27.5 
2,4-Dimethylquinoline 0.01 < LOQ 8.25 
Cumarine < LOQ < LOQ 2.75 
2-Phenylphenol 0.07 < LOQ 21 
1,1-Dioxid Benzo[b]thiophene 0.58 < LOQ 52.50 
2-Methyldibenzofuran 0.30 0.14 550 
Xanthene 0.03 < LOQ 21 
Dibenzothiophene 0.31 0.13 350 
Acridine 1,38 0.15 212.5 
Phenantridine 0.44 0.11 1.48 
Carbazole 1.88 0.21 177.5 
4-Methyldibenzothiophene 0.31 0.08 82.5 
Xanthenon 0.07 0.02 10 
Sum NSO-HETs 9.27 3.73 2308 
LOQ: Limit of quantification 
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  Discussion 4.5.
In order to protect the aquatic environment, various methods for assessing sediment 
contamination have been introduced in the past decade (Chapman & Hollert 2006, Chen & 
White 2004, Hollert et al. 2005, Kammann et al. 2005, Kosmehl et al. 2008, Kosmehl et al. 
2006). The recently developed FE-EROD with Danio rerio embryos provides the possibility 
to perform the EROD assay using cells derived from entire embryos after in vivo exposure to 
extracts as well as to whole sediment samples (Schiwy et al. 2014, submitted). We are now 
able to assess the AhR-mediated toxicity and subsequently the dioxin-like activity of complex 
environmental samples like sediments. In a first step the FET was applied to investigate the 
acute toxicity, teratogenicity and malformations in zebrafish embryos after exposure to 
sediment extracts from the Rhine River (Altrip and Ehrenbreitstein) and the Vering canal 
(Hamburg). The second step was the application of the FE-EROD assay using extract 
concentrations which induced less than 10% mortality to avoid that embryotoxic effects mask 
AhR-mediated toxicity. 
 
4.5.1. Embryotoxicity of the sediment extracts 
The results of the FET demonstrated the strongest toxic potential for the Vering canal extract 
after 96 hpf (LC50 = of 1.3 mg SEQ/mL). High concentrations of the EPA-PAHs were found 
in the Vering canal extract with a sum of 1324 mg/Kg. The highest PAH concentrations were 
measured in this sample for phenanthrene (218 mg/Kg), fluoranthene (208.4 mg/Kg), 
benzo[b+j]fluoranthene (139 mg/Kg) and pyrene (139 mg/Kg, Table 4.3). The remaining 
EPA-PAHs were found in concentrations ranging from 5 to 104 mg/Kg. Recent research 
indicates that exposure to PAHs, TCDD and other AhR-ligands can cause cardio toxicity in 
early-life stages of fish embryos (Barron et al. 2004, Handley-Goldstone et al. 2005, Olivares 
et al. 2013). Pyrene and phenanthrene showed a high embryotoxic potential in low 
concentrations of 55 µg/L and 423 µg/L, respectively (Butler et al. 2013, Frantzen et al. 
2012). The embryotoxicity of PAHs appears to occur because of the sensitivity to planar 
polycyclic compounds, high accumulation and limited biotransformation. Furthermore, during 
this early developmental stage a multitude of significant processes can be disturbed and lead 
to malformations (Barron et al. 2004, Incardona et al. 2004). Additionally to the high EPA-
PAH concentrations, high levels of NSO-HETs were found in the Vering canal sample with a 
sum of 2308 µg/Kg. NSO-HETs also showed a potential to induce embryotoxicity. As 
described in chapter 6 the highest embryotoxicity was found after 48 h of exposure to acridin 
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(0.66 mg/L) and carbazole (1 mg/L). Acridine and carbazole were found in concentrations of 
212.5 and 177.5 µg/Kg in the Vering canal sample and, thus, we cannot exclude that these 
substances have a contribution to the overall embryotoxicity. Hence, mixture toxicity cannot 
be excluded (Smital et al. 2013). Moreover, also metabolites of the PAHs and NSO-HETs 
could be contributing to the embryotoxicity of the samples. Additionally, other substance 
classes like PCBs, dioxins, furans as well as herbicides and pesticides may be involved in the 
embryotoxicity of complex environmental samples (Incardona et al. 2004, King-Heiden et al. 
2012, Wiegand et al. 2001). Results of these substance classes are not available yet. 
The two Rhine River sediment extracts from Altrip and Ehrenbreitstein have also shown toxic 
potential to the embryos with LC50-values of 16.4 and 19.5 mg SEQ/mL after 96 hpf, 
respectively. In these both Rhine sediment extracts moderate EPA-PAHs concentrations of 
4.8 (Altrip) and 6.9 mg/Kg (Ehrenbreitstein) were detected. Concentrations of single PAHs 
were mostly below 1 mg/Kg (Table 4.3). Only pyrene was found in a concentration of 
1.3 mg/Kg in the extract of Ehrenbreitstein. Additionally, in both extracts of Altrip and 
Ehrenbreitstein low levels of NSO-HETs were found with sum concentrations of 9.3 and 
3.7 µg/Kg, respectively. The moderate and low burden of PAHs and NSO-HETs indicate that 
mixture toxicity effects must be taken in to account as the toxicity cannot be explained by a 
single peak concentration of these compounds (Kammann et al. 2005). This conclusion was 
confirmed by testing alumina-fractions of the Rhine sediment samples: the fraction 2 
containing the PAHs and some of the NSO-HETs as well as the more polar (F3) and polar 
fractions (F4) containing also NSO-HETs caused no embryotoxicity (cf. chapter 7). 
Additionally, also F1 showed no embryotoxicity. Therefore, mixture toxicity seems to play an 
important role in these samples. Billiard et al (2008) stated that additive and synergistic 
effects could account for the embryotoxicity even when individual PAHs are present at low 
concentrations like in both sediment extracts of the Rhine River. However, also PCBs were 
found with concentrations of 29 and 15 µg/Kg in extracts of Altrip and Ehrenbreitstein, 
respectively. Therefore, it is likely that PCBs also contribute to the embryotoxicity of the both 
sediment extracts of the Rhine River (Hollert et al. 2003, Strmac et al. 2002). As described 
before, also other substance classes may be contributing to the moderate embryotoxic 
potential of the sediment extracts of the Rhine River. Effect-directed analysis is a promising 
tool to identify the active substance classes or single substance that are mainly contributing to 
the embryotoxicity of the sediment extracts from the Rhine River (Altrip and Ehrenbreitstein) 
and the Vering canal. 
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Table 4.3: Concentrations of the priority PAHs in sediment samples from the Rhine River (Altrip and 
Ehrenbreitstein) and the Vering canal quantified by GC/MS in µg/Kg. (Data provided by Wiebke Mayer and 
Garcia-Käufer, unpublished). 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.5.2. Teratogenicity of the sediment extracts 
After exposure to each sediment sample the most frequently detected teratogenic effects were 
general retardation of the embryo, pericardial and yolk sac edema and no eye and skin 
pigmentation as well as a reduced heartbeat and blood circulation. Moreover, both extracts of 
Altrip and the Vering canal influenced the hatching rate. As described in chapter 3 these 
teratogenic effects in early-life stages of zebrafish are caused by a number of PAHs (Barron et 
al. 2004). Concerning the EPA-PAHs found in the sediment samples of the Vering canal 
(∑ 1323.9 mg/Kg) and of the two extracts of the Rhine River sediments Altrip (4.8 mg/Kg) 
and Ehrenbreitstein (∑ 6.9 mg/Kg), recent research indicate that the exposure of fish embryos 
to PAHs can cause a suite of non-lethal effects. These effects appear to be connected to the 
blue sac disease (Barron et al. 2004) and includes pericardial and yolk sac edemas, disruption 
of cardiac function and deformities (Billiard et al. 2008, Sundberg et al. 2005). It is well 
known that phenanthrene cause a variety of effects in early-life stages of fish including 
malformations and effects on the pericardial vascular system as well as spinal curvature 
(Billiard et al. 2008, Mu et al. 2014, Wolińska et al. 2011). These effects are regarded to be 
dioxin-like symptoms and were observed after exposure to methyl- and phenylderivates of 
phenanthrene (Wolińska et al. 2011). Methylphenanthrene was found in a concentration of 
13.3 mg/Kg in the extract of the Vering canal. For both sediment extracts of the Rhine River 
concentrations of 0.1 (Altrip) and 0.15 mg/Kg (Ehrenbreitstein) were found (data not shown, 
Substance [mg/Kg] Altrip Ehrenbreitstein Vering canal 
Naphthalene 0.30 0.30 26.8 
Acenaphthylene 0.10 0.3 47.4 
Acenaphthene 0.05 0.10 41.1 
Fluorene 0.04 0.04 56.9 
Phenanthrene 0.30 0.30 217.9 
Anthracene 0.14 0.34 79 
Fluoranthene 0.6 0.7 208.4 
Pyrene 0.7 1.3 139 
Benzo[a]anthracene 0.4 0.5 66.3 
Chrysene 0.4 0.4 104.2 
Benzo[b+j]fluoranthene 0.70 0.74 139 
Benzo[k]fluoranthene 0.2 0.2 31.6 
Benzo[a]pyrene 0.6 0.9 69.5 
Indeno-1,2,3-[c,d]pyrene 0.3 0.3 47.4 
Dibenzo[a,h]anthracene 0.1 0.1 5.37 
Benzo[g,h,i]perylene 0.3 0.4 44.2 
Sum EPA-PAH 4.79 6.92 1323.87 
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Garcia-Käufer et al., unpublished). However, these effects can also be observed even when 
individual PAHs are present at low concentrations (Billiard et al. 2008). Additionally, PCBs 
are well known to influence the hatching rate (Strmac et al. 2002, Westerlund et al. 2000). 
PCBs were found in the extracts of Altrip and Ehrenbreitstein with concentrations of 29 and 
15 µg/Kg, respectively. The results for the Vering canal are not available yet. Nevertheless, 
not only PAHs and PCBs are able to induce the described teratogenic effects. All described 
teratogenic effects were also reported for dioxin-induced fish embryos (Carney et al. 2006, 
Goldstone & Stegeman 2006). Additionally, studies showed also these observed teratogenic 
effects after exposure to zebrafish embryos herbicides (Wiegand et al. 2001) and several 
insecticides (Lin et al. 2007, Pašková et al. 2011, Watson et al. 2014). These effects were 
deformations, edema, reduced heartbeat as well as a spinal deformation. As mentioned before, 
a more detailed chemical analysis would serve more information on the chemicals which 
induce the specific teratogenic effects.  
None of the described teratogenic effects can be addressed to NSO-HETs. As mentioned in 
chapter 6 for the most analyzed NSO-HET substances a baseline or narcotic toxicity was 
found. Only for acridine a specific mode of action is reported in the literature (Peddinghaus et 
al. 2012). The results of the FET showed only general retardations and malformations of the 
embryos (data not shown). 
 
4.5.3. AhR-mediated toxicity of the sediment extracts  
Dioxins or dioxin-like compounds like PCBs and PAHs are ligands of the AhR. This receptor 
mediates the induction of CYP1A enzymes. The EROD assay monitors the detoxifying 
enzyme CYP1A and is therefore a suitable biomarker for exposure of organisms to CYP1A 
inducers. In this study a newly developed FE-EROD assay with whole zebrafish embryos was 
performed to investigate AhR-mediated toxicity. The FE-EROD assay was applied with two 
sediment samples from the Rhine River (Ehrenbreitstein and Altrip) and one from the Vering 
canal (Hamburg). The embryos were exposed to five concentrations and four exposure 
times/windows (48, 72, 96 and 72-96 hpf). 
Exposure to all three sediment extracts led to an EROD induction occurring earliest after 
72 hpf. The short-term exposure for 24 h between 72 and 96 hpf showed the overall highest 
EROD induction in all sediment extracts. The organic extract from the Vering canal caused 
the highest EROD induction. For this sample a significant EROD activity is detectable at the 
lowest concentration (0.05 mg SEQ/mL) after 96 hpf and the highest induction of EROD 
activity is shown at a concentration of 0.2 mg SEQ/mL (0.081 pmol/(mg*min)). The AhR-
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mediated toxicity of Altrip and Ehrenbreitstein extracts is lower than of the Vering canal 
extract with activities of 0.071 and 0.069 pmol/(mg*·min), respectively. 
Earlier studies showed that some of the EPA-PAHs cause EROD activity. Particularly, 
benzo[k]fluoranthene, benzo[a]pyrene, indeno1,2,3-[c,a]pyrene, crysene, benzo[a]anthracene, 
benzo[b,i]fluoranthene and pyrene are recognized to be AhR-agonists (Barron et al. 2004, 
Billiard et al. 2008, Incardona et al. 2011). As stated in section 4.5.1 high levels of PAHs 
were found in the Vering canal extracts with a total concentration of 1324 mg/Kg. For the 
both Rhine extracts moderate levels of PAHs were found with sum concentrations of 4.8 
(Altrip) and 6.9 mg/Kg (Ehrenbreitstein). The highest PAH concentrations were found in the 
Vering canal extracts for phenanthrene (218 mg/Kg), fluoranthene (208.4 mg/Kg), 
benzo[b+j]fluoranthene (139 mg/Kg) and pyrene (139 mg/Kg, Table 4.3), but all other PAHs 
were also found in moderate to high concentrations ranging from 5 to 104 mg/Kg. 
Interestingly, the two highest concentrations were found for two EROD inhibitors 
fluoranthene and phenantrene included in the list (Billiard et al. 2004, Billiard et al. 2008, 
Fleming & Di Giulio 2011, Wolińska et al. 2011). In contrast, no predominant compound 
concentrations could be detected in the two Rhine River sediment extracts. Most of the 
compound concentrations were observed in concentrations below 1 mg/Kg. Only pyrene was 
found in a concentration of 1.3 mg/Kg in the extract of Ehrenbreitstein. In complex 
environmental samples like sediments PAH-contamination occurs as a mixture. Antagonistic 
and synergistic interactions have been reported for those PAH-mixtures (Billiard et al. 2008, 
Fleming & Di Giulio 2011) that contain individual compounds which are weak agonists or 
antagonists of EROD (Billiard et al. 2004, Fleming & Di Giulio 2011). Billiard and coworker 
(2004) observed that phenanthrene, a non-inducer, inhibits the EROD-response of strong 
PAH-inducers in in vivo and in vitro experiments. However, a high EROD activity could be 
observed for Vering canal extract compared to the negative control and the both Rhine 
sediment extracts (0.081 pmol/(mg*min)). Several studies documented the synergistic effects 
on the AhR of benzo[a]pyrene and fluoranthene (Billiard et al. 2008, Fleming & Di Giulio 
2011, Matson et al. 2008). These substances were found in the Vering canal sample with 
concentrations of 69.5 and 208.4 mg/Kg, respectively. Moreover, some studies documented 
that priority PAHs are only a minor contributor to the AhR-mediated toxicity of complex 
environmental samples (Brack et al. 2007, Keiter et al. 2008, Lei et al. 2014, Wölz et al. 
2010). For example, Brack and Schirmer (2003) showed that non-priority pollutants including 
methyl-PAHs and NSO-HETs exceed the potency of the PAH benzo[a]pyrene which is one of 
the strongest EROD inducer in this class of substances by one or two magnitudes. Methylated 
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PAHs were also found in the sediment extract of the Vering canal in a sum concentration of 
419 mg/Kg (data not shown). Therefore, we assume that methylated PAHs were involved in 
the overall EROD-induction of the Vering canal. Additionally, high sum concentrations of the 
non-priority class of NSO-HETs were found in the Vering canal sample (2308 µg/Kg). For 
the both Rhine River extracts only minor amounts was found with sum concentrations of 9.3 
and 3.7 µg/Kg, respectively. Hinger et al. (2011) showed that NSO-HETs constitute a group 
of weak to moderate AhR-agonists and EROD inducers. The S-HET dibenzothiophene was 
determined as a strong EROD-inducer (Brack et al. 2005, Kaisarevic et al. 2009, Wang et al. 
2014, Wölz et al. 2008). In our study a concentration of 350 µg/Kg dibenzothiophene was 
found in the Vering canal extract. Additionally, other NSO-HETs were found in this fraction 
in comparable high concentration (dibenzofuran (250 µg/Kg), 2-methyldibenzofuran 
(550 µg/Kg), acridine (212.5 µg/Kg) and carbazole (177.5µg/Kg)) and could contribute to the 
overall EROD activity of this fraction (Hinger et al. 2011). Additionally, to the PAHs and the 
so-called dioxin-like (dl-) PCBs were found in the extracted samples of the Rhine River. 
Unfortunately, no results for the Vering canal are available yet. These dl-PCBs are known to 
be ligands of the AhR and EROD-inducers (Clemons et al. 1998, Van den Berg et al. 2006). 
Therefore, the PCBs found in the two Rhine River extracts may be involved in the overall 
EROD induction. Together, it can be suggested that the moderate EROD activity is caused by 
the non-polar substances like PAHs and PCBs. These results are confirmed by testing of four 
alumina-fractions of both Rhine sediment samples. Only the non-polar fraction 2 showed an 
EROD activity. This fraction contains the substance classes of PCBs and PAHs (Brack 2003). 
These results suggest that hazard assessment of environmental mixtures should increasingly 
focus on methylated PAHs and other non-priority pollutants rather than on the priority PAHs 
only to elucidate the AhR-mediated toxicity. Hence, the presence of highly complex mixtures 
of potentially dioxin-like substances in these sediment samples, possible synergistic and 
antagonistic effects should be taken into account.  
 
Time-dependent regulation of the EROD enzymes 
A major aim of the present study was to investigated which exposure time serves optimal 
results for the newly developed bioassay; thus, the EROD activity was determined in embryos 
at 48, 72, 96 hpf and in a time-frame of 72 to 96 hpf. 
As described before, exposure to the three sediment extracts led to an induction of the EROD 
activity starting at 72 hpf. A possible explanation is that the metabolic system of the embryos 
is not sufficiently developed and pollutants like PAHs cannot interact with the enzymatic 
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systems earlier than 72 hpf (Ensenbach & Nagel 1995, Kammann et al. 2004). This 
hypothesis is also supported by the results from Mattingly and Toscano (2001) who found 
cyp1a mRNA but no CYP1A protein or EROD activity in zebrafish embryos until 72 hpf. On 
the other hand, Otte et al. (2010) were able to detect CYP1 activity as early as 8 hpf. CYP1A 
protein was first detected at 36 hpf by whole mount immunolocalisation in zebrafish larvae 
exposed to TCDD, and a constitutive expression of CYP1A was demonstrated in larvae after 
120 hpf (Andreasen et al. 2002b). Additionally, AhR-expression in early-life stages of 
zebrafish may play a role. Teleost fish like the zebrafish have multiple AhR-isoforms 
(AhR1A, AhR1B and AhR2; Hahn 2002, Karchner et al. 2005, Teraoka et al. 2010). Recent 
studies documented that the toxicity of PAHs, PCBs and dioxins is mediated by the AhR2 
(Billiard et al. 2006, Goodale et al. 2012, Incardona et al. 2005, Prasch et al. 2003, Van Tiem 
& Di Giulio 2011). This receptor is expressed in many zebrafish tissues (e.g. eyes and liver) 
between 24 and 120 hpf (Andreasen et al. 2002b) and the presence of the ahr2 mRNA 
increases over time (Tanguay et al. 1999). Tanguay et al. (1999) were able to detect zebrafish 
ahr2 mRNA initially after 24 hpf, but the highest expression level could be found after 
72 hpf. It is still unknown if the increase of ahr2 transcript results in higher amounts of intact 
protein which can bind ligands. These findings strongly reflect the inducibility of CYP1’s by 
AhR-agonists. It has to be taken into account, that the role of AhR1A and AhR1B in the 
toxicity of PAHs has not been examined yet (Van Tiem & Di Giulio 2011). These two AhR1s 
might be also involved in CYP1 regulation and mediate the toxicity of PAHs or other 
pollutants in zebrafish larvae (Incardona et al. 2005, Teraoka et al. 2010).  
Interestingly, the short-term exposure for 24 h (from 72 to 96 hpf) showed the overall highest 
induction of EROD. The same pattern could be observed by in vivo localization of CYP1s 
using live imaging (Kais et al., unpublished data). In this study, the overall highest EROD 
induction could be found after a 3 h short-term exposure. Additionally, a numerous authors 
demonstrated that a short-term exposure time leads to a significant higher EROD induction. 
The decrease of AhR-mediated response with increased time of exposure to dioxin-like 
compounds has been described in AhR-expressing in vitro cell lines. These cell lines are: 
HepG2 (Jones et al. 2000), H4IIE, DR-CALUX (Machala et al. 2001), H4IIE-luc (Larsson et 
al. 2014, Larsson et al. 2012), RTL-W1 (Bols et al. 1999) and PLHC-1 cells (Louiz et al. 
2008). All these studies indicate the high relevance of a suitable implementation of different 
exposure times.Additionally, in the past catalytic activity of EROD in fish was exclusively 
attributed to CYP1A (Whyte et al. 2000). Yet, the discoveries of the other isoforms lead to the 
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assumption that measured CYP1 activity can not solely be attributed to CYP1A but rather 
also to other CYP1 isoforms like CYP1B1 or the CYP1Cs (Goldstone et al. 2009).  
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 Conclusion 4.6.
The findings of the present study, have demonstrated that homogenates of zebrafish larvae 
exposed in vivo to organic extracts may be used to assess AhR-mediated toxicity in the FE-
EROD assay. All investigated sediment samples showed a clear concentration-response curve 
and an increasing EROD activity over time. The highest EROD activity could be observed 
after a short-term exposure of 24 h in an advanced development stage (72 to 96 hpf). Based 
on these a short exposure time for 24 h with 72 hpf old embryos can be recommended. 
Additionally, a moderate to strong embryotoxic and teratogenic potential was observed for the 
three sediment samples. The highest potential was found for the extract of the Vering canal, 
followed by Altrip and Ehrenbreitstein. The results of the FET and the FE-EROD assay were 
underlined by the results of the chemical analysis: a high concentration of PAHs and NSO-
HETs were found in the sample of the Vering canal. The two extracts of the Rhine River 
showed a moderate PAH-contamination and only a minor concentration of NSO-HETs. 
Furthermore, chemical analysis assessing priority pollutants only does not address the 
pollutants of priority concern in term of AhR-mediated toxicity (Brack et al. 2005, Hecker & 
Giesy 2011). The bioassay-directed fractionation is a promising tool to find non-priority 
pollutants which caused the observed effect. Moreover, it can be used to update the priority 
list in order to fulfill the legal obligation of the European Water Frame Work Directive 
(Regueiro et al. 2013). 
Our findings clearly document the suitability of the new FE-EROD assay that includes a 
whole zebrafish embryos exposure to investigate and evaluate AhR-mediated toxicity of 
complex environmental samples. A combination of the FE-EROD assay and the existing 
standard FET can give insight and connect malformations during embryonic development to 
the enzymatic activity in the embryos. 
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 Abstract  5.1.
Zebrafish embryos are being increasingly used as model organisms in ecotoxicological 
investigations. Therefore, it is crucial to understand their xenobiotic metabolism processes in 
the early-stages of development. The present study aimed at investigating the activity and the 
expression of the CYP1 family in the early-life stages. The cytochrome P450 1 (P450 1) gene 
family comprises five cyp1 genes in four subfamilies in zebrafish: cyp1a, cyp1b1, cyp1c1, 
cyp1c2 and cyp1d1. All of these are capable of xenobiotic metabolism and with the exception 
of cyp1d1 they are all mediated by the aryl hydrocarbon receptor (AhR). In the present study, 
gene expression of cyp1a, cyp1b1, cyp1c1, cyp1c2 as well as ahr2 were investigated at 48, 72, 
96 and 120 hours post fertilization (hpf). The aim was to determine their basal and induced 
mRNA expression using quantitative real-time PCR (qPCR) and the enzymatic activity of the 
CYP1 members through measurement of 7-ethoxyresorufin-O-deethylase activity in whole 
fish embryos (FE-EROD).  
Distinct patterns of basal mRNA expression were found for each of the CYP1 genes, 
suggesting specific roles during embryonic development. All transcripts were induced by the 
AhR-agonist β-naphthoflavone (β-NF) and a PAH-containing fraction of a sediment extract 
from the Vering Canal in Hamburg. All CYP1 genes investigated showed a temporal decline 
in gene expression at 72 hpf compared to 48 and 96 hpf. ahr2 mRNA expression was 
significantly upregulated after exposure to the Vering canal extract. EROD activity measured 
in whole embryos was significantly induced after 96 hpf in embryos exposed to β-NF or 
Vering canal extract. On basis of these results, 96 hours of incubation were chosen for future 
measurements of FE-EROD activity in zebrafish embryos. Together, these results 
demonstrate the temporal pattern and activities of CYP1’s in zebrafish embryos and show that 
they can be used to measure Ah-receptor mediated effects caused by environmental samples. 
 
Keywords: Danio rerio, FE-EROD, qPCR, CYP1, aryl hydrocarbon receptor 
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 Introduction 5.2.
The embryonic stage of zebrafish is considered an animal alternative according to the 3  ’s 
(replacement, reduction and refinement of animal experiments; Russell and Burch 1959). A 
unique set of properties (easy to maintain, high fecundity, rapid development, translucent 
chorion and an extensive literature base) make them a very popular model-species. In 
ecotoxicology the zebrafish embryo is used within the regulatory framework of environmental 
risk and hazard assessment (Scholz et al. 2008; Zon & Peterson 2010) and the fish embryo 
toxicity test (FET) is mandatory for the testing of whole effluent in Germany (DIN 2009). 
Strähle et al. (2012) have addressed the need to develop assays that will investigate specific 
mechanisms of action using the zebrafish embryo in order to further develop its use as a 
model organism. The present study is part of the DanTox project (Keiter et al. 2010), which 
aims at developing a combined vertebrate-based sediment contact assay which will help to 
investigate teratogenicity, neurotoxicity, genotoxicity, mutagenicity and aryl hydrocarbon 
receptor agonist (AhR) activity in embryos of the zebrafish. Here, it is shown that Danio 
rerio, as an important model species, can be used to measure Ah-receptor mediated effects in 
fish and can be an important asset for environmental monitoring.  
The cytochrome P450 dependent monooxygenase (CYP) is a diverse supergene family that 
can be found in most organisms (Guengerich 2001). CYPs catalyse oxidative transformation, 
leading to activation or inactivation of many endogenous and exogenous chemicals which 
have consequences on normal physiology and disease processes (Bernhardt 1996, Goldstone 
et al. 2010, Guengerich 2001).  
Specific P450 systems are induced by xenobiotics and the inductive response is usually a 
process by which the rate of gene transcription is stimulated, resulting in increased levels of 
messenger RNA (mRNA) and synthesis of P450 protein (Andersson & Förlin 1992). 
In zebrafish, 94 CYP genes have been identified which fall into 51 CYP gene families 
(Goldstone et al. 2010). These can be divided into two major groups: those that are primarily 
involved in synthesis, activation or inactivation of endogenous regulatory molecules (CYP 5-
51), and those that are primarily involved in the oxidation of xenobiotics, drugs and fatty 
acids (CYP families 1-4; Bernhardt 1996, Goldstone et al. 2010, Whyte et al. 2000). In this 
study, main focus was laid on the CYP1 family. In zebrafish, five CYP1 genes in four 
subfamilies have been identified: cyp1a, cyp1b1, cyp1c1, cyp1c2 and cyp1d1 (Godard et al. 
2005, Goldstone et al. 2009, Jönsson et al. 2007b). Many CYP1’s are mediated by the AhR 
(Nebert et al. 2004). The AhR is a ligand-activated transcription factor belonging to the basic 
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helix-loop-helix-Per-Arnt-Sim (bHLH-PAS) family of proteins, located in the cytosol (Hahn 
2001, Whyte et al. 2000). It is induced by planar congeners of polychlorinated dibenzodioxins 
(PCDDs), polychlorinated dibenzofurans (PCDFs), polychlorinated biphenyls (PCBs), several 
polycyclic aromatic hydrocarbons (PAHs), NSO-heterocyclic compounds (Hinger et al. 2011) 
and polychlorinated naphthalenes (PCNs; Blankenship et al. 2000, Denison & Nagy 2003). 
Given their similar sterical coplanar structure they all represent ligands for the AhR. These 
chemicals are ubiquitous environmental contaminants (Brack et al. 2005, Weber et al. 2008) 
and several toxic responses have been observed in mammals, birds and fish (Arisawa et al. 
2005, Peddinghaus et al. 2012, Van den Berg et al. 1994). 
Knockdown of ahr2 in zebrafish has shown that cyp1a, cyp1b1 and the cyp1c’s are primarily 
mediated by the ahr2 and induced by agonists for this receptor (Jönsson et al. 2007a, Jönsson 
et al. 2007b, Yin et al. 2008). However, unlike the other CYPs, cyp1d1 is not induced by 
AhR-agonists (e.g. 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) and PCB 126) and is not 
mediated by the AhR (Goldstone et al. 2009).  
Andreasen et al. (2002b) detected CYP1A protein in zebrafish larvae by whole mount 
immunolocalization as early as 36 hours post fertilization (hpf) after exposure to TCDD. 
Mattingly and Toscano (2001) however, were neither able to detect CYP1A protein nor its 
activity by Western Blot and catalytic assay until three days post fertilization after exposure to 
TCDD and therefore suggested posttranscriptional silencing of the protein during 
embryogenesis. Otte et al. (2010) on the other hand were able to detect CYP1 activity as early 
as 8 hpf in distinct tissues through in vivo localisation of 7-ethoxyresorufin-O-deethylase 
(EROD) activity imaged by confocal laser scanning microscopy. Between the three studies 
there seems to be only little consensus about CYP1 activity in early-life stages of zebrafish 
embryos. Additionally, until recently the catalytic activity of CYP1 protein in fish was 
exclusively attributed to CYP1A (Whyte et al. 2000). Yet, the discoveries of other CYP1 
isoforms leads to the assumption that measured CYP1 activity can not solely be attributed to 
CYP1A, but rather also to other CYP1 isoforms (Goldstone et al. 2009), which may explain 
diverging results in the studies. With this study the temporal pattern of selected CYP1 genes 
as well as the catalytic activity measured as activity of EROD during embryonic development 
in the whole embryo was determined. With the results it was possible to select appropriate 
times for measurement of EROD activity in whole embryos, to determine fluctuating basal 
levels of the investigated genes during embryonic development and to measure gene 
expression and protein activity after exposure to known AhR-agonists and an environmental 
sediment sample highly contaminated with PAHs. Here and afterwards gene expression is 
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used as a synonym for gene transcription, although it is acknowledged that gene expression is 
additionally influenced, e.g., by mRNA and protein stability, and translation. 
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 Materials and Methods  5.3.
For detailed information see chapter 2. Modifications in the procedure will be described in the 
following paragraph. 
 
2.3 Exposure of zebrafish embryos 
The eggs were exposed to either 20 μg/L β-NF (Sigma-Aldrich Chemie GmbH, Steinheim, 
Germany) or 0.2 mg sediment equivalent per ml solvent (SEQ/ml) of the sediment extract 
fraction (cf. chapter 7.3.1). Per time-point, 30 embryos were exposed for subsequent qPCR 
analysis and 45 embryos for measurement of FE-EROD induction. The LC10 was used as the 
highest concentration in the FE-EROD assay and for qPCR to avoid acute toxicity. For both 
test systems embryos were exposed to five concentrations in at least three independent 
replicates. As negative control embryos kept in artificial water and threated equally were 
used. After 24, 48, 72, 96 or 120 hpf the exposure of the embryos was terminated. The FE-
EROD assay and qPCR were conducted as described in chapters 2.1.6 and 2.1.7. 
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 Results  5.4.
5.4.1. FE-EROD assay 
Basal EROD activity did not show significant differences between artificial water and DMSO 
exposed embryos. EROD activity was measured at 24, 48, 72, 96 and 120 hpf to investigate 
possible time-trends, results after exposure to β-NF and Vering canal are shown in Figure 5.1. 
Basal EROD activity started at low levels at 24 hpf and increased with each time-point 
investigated, peaking at 120 hpf (significant increase between 24 and 120 hpf; Friedman’s 
repeated measurement ANOVA on ranks, p≤0.05).  
 xposure to β-NF led to significantly increased EROD activity compared to basal levels at 96 
and 120 hpf (t-test, p≤0.05).   OD activity peaked at 96 hpf and declined thereafter. In 
Vering canal exposed embryos EROD activity significantly differed from controls already at 
24 hpf (t-test, p≤0.05). However, at 48 and 72 hpf no significant difference was detected. At 
96 and 120 hpf significant induction of EROD activity in comparison to controls was 
measured (t-test, p≤0.05).   OD activity peaked at 120 hpf. EROD activity in Vering canal 
exposed embryos was higher than β-NF exposed embryos throughout the time series.  
 
 
Figure 5.1: Time-dependent   OD activity in negative controls (●; n   4; NC), β-NF exposed (●; n   4) and 
Vering canal (VK) exposed (●; n   3) Danio rerio embryos. Bars represent mean values and standard deviation. 
Asterisks indicate significant differences between control and exposed samples at given time-point (t-test, 
p≤0.05). 
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5.4.2. Real-time PCR  
 Basal expression of CYP1 genes  
Basal CYP1 expression was investigated in Danio rerio embryos at 48, 72, 96 and 120 hpf 
(Figure 5.2). Expression of cyp1a and cyp1b1 were low and did not increase significantly 
during the time-course investigated (Friedman’s repeated measures ANOVA on ranks, 
p≤0.05). 
Basal expression of cyp1c1 and cyp1c2 tended to show higher expression than cyp1a and 
cyp1b1, although significant differences were only found at 48 hpf between cyp1a, cyp1b and 
cyp1c2 as well as between cyp1b1 and the cyp1c’s at 72, 96 and 120 hpf.  xpression of the 
cyp1c’s increased between 48 and 96 hours and declined thereafter; however, no significant 
difference in gene expression was found (Friedman’s repeated measures ANOVA on ranks, 
p≤0.05). 
 
 
Figure 5.2: Basal CYP1 expression in Danio rerio embryos at 48, 72, 96 and 120 hpf. Normalized expressions 
(to eef1a1) are given as median with 25
th
 and 75
th
 percentile (n = 5). Significant differences in basal expression 
between genes at selected time-points were determined by Friedman’s repeated measures ANOVA on ranks and 
Tukey’s multiple comparison test (n   5). Bars at the same time-point not sharing common letters are 
significantly different. 
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Induced expression of CYP1 genes  
Exposure to β-NF caused a significant induction of all four CYP1 genes at 48 hpf and at 
120 hpf (Figure 5.3). Greatest significant up-regulation (109-fold) was found at 48 hpf for 
cyp1a. No significant and overall lowest inductions of gene expression were measured at 
72 hpf in all CYP1 genes. Cyp1a and cyp1b1 showed tendencies towards higher inductions 
compared to the cyp1c’s between 72 and 120 hpf. Solely at 48 hpf, cyp1c2 showed slightly 
higher induction than cyp1b1. Expression varied significantly during the investigated times of 
development in all genes ( epeated measures ANOVA, p≤0.05). 
After exposure to the sediment extract fraction from Vering canal, significantly up-regulated 
gene expressions were found at 48, 72, 96 and 120 hpf in all CYP1 genes investigated (Figure 
5.4). Greatest inductions were found for cyp1a expression at 48 > 96 > 120 hpf. Significant 
impact of the different exposure-times on gene expression was found for all investigated 
genes (Repeated measures ANOVA on ranks, p≤0.05). An overall lower induction of gene 
expression at time-point 72 hpf was found for all genes investigated compared to earlier and 
later times after exposure to both β-NF and the sediment fraction. 
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Figure 5.3: β-NF induced gene expression in Danio rerio embryos at 48, 72, 96 and 120 hpf. Expression is 
shown as the multiple of the control (fold change), normalized to eef1a. Bars represent median values with 25
th
 
and 75
th
 percentiles. Asterisks indicate significant differences compared to control at given time-points (Mann-
Whitney rank sum test, p≤0.05). 
 
 
Figure 5.4: Vering canal induced gene expression in Danio rerio embryos at 48, 72, 96 and 120 hpf. Expression 
is shown as the multiple of the control (fold change), normalized to eef1a. Bars represent median values with 
25
th
 and 75
th
 percentile. Asterisks indicate significant differences compared to control at given time-points 
(Mann-Whitney rank sum test, p≤0.05). 
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Basal and induced gene expression of ahr2  
Basal expression of ahr2 receptor was consistent over time, no significant difference could be 
found between the investigated points in development (Figure 5.5; repeated measures one way 
ANOVA; p≤0.05). β-NF induced ahr2 expression showed 1.5 to 2-fold higher inductions 
compared to negative controls (Figure 5.6); however, this was not a significant up-regulation. 
Significant up-regulation of transcript abundance was observed in embryos exposed to Vering 
canal at each observed time in development (Figure 5.6; Mann-Whitney rank sum test, 
p≤0.05) and significant up-regulation of ahr2 transcript was found in Vering canal exposed 
embryos over the time investigated ( epeated measures ANOVA on ranks, p≤0.05). 
 
 
Figure 5.5: Basal ahr2 expression in Danio rerio embryos at 48, 72, 96 and 120 hpf. Normalized expression (to 
eef1a) is shown as median with 25th and 75th percentile. 
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Figure 5.6: β-NF and Vering canal (VK) induced ahr2 expression in Danio rerio embryos at 48, 72, 96 and 
120 hpf. Expression is shown as the multiple of the control (fold-change), normalized to eef1a. Bars represent 
median with 25
th
 and 75
th
 percentiles (β-NF: n = 4; Vering canal: n = 3). Asterisks indicate significant 
differences compared with the control at given time-points (Mann-Whitney rank sum test, p≤0.05). 
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 Discussion  5.5.
5.5.1. Basal expression of CYP1 genes and the ahr2 in zebrafish embryos  
Each of the four investigated CYP1 genes showed a distinctive pattern of gene expression, 
with maximum expressions at different times during development of the embryos. Distinct 
embryonic patterns of expression of different CYP genes have also been found in mice 
(Choudhary et al. 2005, Hart et al. 2009). In the present study, cyp1c1 and cyp1c2 were 
expressed to a higher extent than cyp1a and cyp1b1 at all developmental times investigated. 
These findings are in agreement with previously published results for zebrafish (Jönsson et al. 
2007a) as well as for killifish embryos (Wang et al. 2006). However, fold-inductions between 
the cyp1c’s and cyp1a and cyp1b1 were higher than the ones reported elsewhere. The high 
basal levels of the cyp1c genes suggest that they play a specific role during early 
development, isolated from xenobiotic metabolizing abilities. Low constitutive levels of 
cyp1a, as found in this study, were also reported by Andreasen et al. (2002b) and Jönsson et 
al. (2007a).  
Constant basal levels of ahr2 were detected at all points investigated, this is, however, not in 
accordance with findings reported by Tanguay et al. (1999), who via northern blot analyses 
reported an increased ahr2 gene expression with further development of the embryo. 
 
5.5.2. β-NF and sediment extract induced expression of CYP1 genes and the 
ahr2 in zebrafish embryos  
Transcript levels of CYP1 genes were significantly induced in zebrafish embryos after 
exposure to β-NF. A remarkably high induction (150-fold) was observed for cyp1a at the 
earliest observed time-point (48 hpf). The three other CYP genes investigated also showed 
significant induction at this time-point; however, induction was between 15 and 20-fold 
higher than the basal level. A similar pattern was found after exposure to Vering canal 
sediment extract; however, transcript abundance was overall higher. Cyp1a induction after 
Vering canal exposure was up-regulated 380-fold (48 hpf) compared to basal levels. The 
induction can be explained by high levels of potential AhR-agonists found in the sediment 
fraction. Chemical analysis had revealed 1.3 g/kg of Σ 16 EPA-PAHs in the sediment and 
other compounds are believed to be in the extract as well, however, to this point no chemical 
analysis has been done for other AhR agonists. After fractionation of the extract many of 
these are assumed to be in the fraction containing non-polar, aromatic compounds (Brack et 
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al. 2005, Wölz et al. 2010, Wölz et al. 2008), which was used for exposure in this study. Thus, 
the embryos were exposed to a high concentration and a diverse mixture of AhR-agonists, 
which might also lead to additive or synergistic effects (Timme-Laragy et al. 2007).  
Each gene observed followed a very distinct path of expression at the four time-points 
investigated. In accordance with previously published results (Jönsson et al. 2007a), induction 
of cyp1a and cyp1b1 was higher than that of the cyp1c’s. All genes investigated had a 
temporal decline in gene expression at 72 hpf in common. A similar decline was found for 
cyp1a induction after exposure to 6-formylindolo[3,2-b]carbazole (FICZ) for 6 hours prior to 
sampling (Jönsson et al. 2009b). Zebrafish embryos hatch sporadically during the third day 
(between 48 and 72 hpf) of development (Kimmel et al. 1995). Therefore, the decline in gene 
expression in β-NF and sediment fraction induced CYP1 gene expression coincides with the 
time of hatch. Literature suggests that the exposure scenario might have an influence on such 
a decline in gene expression. Many previous studies exposed the embryos statically for a short 
time during the first day, usually < 24 hpf, rearing the embryos in clean water until measuring 
gene expression at different times in development (e.g. Andreasen et al. 2002b, Jönsson et al. 
2007b). In the present study as well as in the study of Jönsson et al. (2009b) the embryos were 
exposed until directly before measurement of gene expression. Therefore, the exposure 
scenario might have an impact on the decreased gene expression during the time of hatch. On 
the other hand, results of a protein expression study in 72 hpf old zebrafish embryos exposed 
to β-NF performed by 2-dimensional gel electrophoresis showed down regulation of Hsp 90 β 
protein (details not shown). This coincides with the decreased gene expression of AhR-
mediated genes found in the present study. Hsp 90 plays an important activation role in AhR-
signaling, upon binding of a ligand the AhR is activated through the release of dimeric Hsp 90 
proteins and is then transported to the nucleus (Perdew 1988, Whyte et al. 2000). It has been 
shown that Hsp 90 is essential for correct signaling of the AhR in a yeast expression system 
(Carver et al. 1994). Furthermore, inhibition of Hsp 90 suppressed the activation of AhR-
dependent gene expression after exposure to benzo[a]pyren (BaP) in a cellular model of oral 
leukoplakia (Hughes et al. 2008). This led not only to a reduced signal of CYP1A and 
CYP1B1, but also suppressed the formation of BaP induced DNA adducts. In this study, a 
decline in CYP1 gene expression was found at 72 hpf, which so far could not be explained. A 
temporary reduction in Hsp 90 might be the reason for this decline. It has been shown that 
hsp90 β is expressed at constitutive levels during embryogenesis in zebrafish and that it is 
only weakly induced by heat shock (Krone & Sass 1994). However, to date the exact function 
of Hsp 90 β during early zebrafish development is not known (Deane & Woo 2011), therefore 
Chapter 5 – Discussion 
89 
closer studies of function and expression of Hsp 90 β at different times in development are 
necessary. 
 
Induction of ahr2 expression following exposure to TCDD in zebrafish embryos (Andreasen 
(Andreasen et al. 2002b, Tanguay et al. 1999) and following exposure to β-NF in white 
sturgeon (Doering et al. 2012) have been reported previously. In this study, ahr2 mRNA 
expression increased approximately 1.8 - 2-fold after exposure to β-NF. This, however, was 
not a significant induction. Exposure to Vering canal fraction on the other hand, led to 
significant increases in mRNA induction (3-fold at 48 hpf and 4.5-fold at 120 hpf) during all 
developmental times investigated. Together, these results suggest that up-regulation of CYP1 
transcripts may be accompanied by up-regulation of ahr2 transcripts if exposure is strong 
enough. However, it is still to be determined if the increases in ahr2 transcripts result in 
higher amounts of intact receptor protein, capable of binding ligands.  
These findings strongly reflect the inducibility of CYP1’s by Ah -agonists. Nevertheless, it 
must be kept in mind that the large differences in relative induction between cyp1a and 
cyp1b1 and the cyp1c’s also stem from the lower basal levels of cyp1a.  
 
5.5.3. Basal and induced EROD activity in zebrafish embryos  
Basal and induced activity of the monooxygenase 7-ethoxyresorufin-O-deethylase was 
measured in embryos of the zebrafish at five times during early development. It was shown, 
that basal EROD activity increases during normal embryonic development. Endogenous 
physiological functions of CYP1’s are known for mammals (Nebert & Dalton 2006) and 
assumed also for zebrafish (Jönsson et al. 2007a), explaining basal activity of the enzyme.  
Exposure to β-NF led to induction of EROD activity starting at 72 hpf; however, first 
significant induction was only found 4 days post fertilization. These results are in accordance 
with findings by Mattingly and Toscano (2001). On the other hand, significant induction of 
EROD activity was found already at 24 hpf after exposure to the fraction from the Vering 
canal, but apparent increase in EROD activity was not supported by statistical analysis at 48 
and 72 hpf. Otte et al. (2010) showed in vivo EROD activity in distinct tissues of the zebrafish 
embryo in different developmental stages between 8 and 132 hpf and Andreasen et al. (2002b) 
reported CYP1A protein at 36 hpf. EROD activity was specifically found in tissues of the 
cardiovascular system and the urinary tract. Using a homogenate of a pool of 45 embryos 
might mask EROD activity present in distinct tissues, making it undetectable in the EROD 
assay. 
Chapter 5 – Discussion 
90 
Mattingly and Toscano (2001) proposed a possible posttranscriptional silencing of EROD 
translation as a reason for undetectable EROD activity before hatch. Posttranslational 
modification such as phosphorylation leading to modulation of enzyme activity has been 
reported for several CYP P450 enzymes in mammals (Aguiar et al. 2005, Oesch-
Bartlomowicz & Oesch 2005). Posttranslational silencing during embryogenesis might reduce 
disturbance of endogenous processes, such as inappropriate metabolism of endogenous 
signaling molecules (Omiecinski et al. 1999). Silencing of the enzyme is therefore a feasible 
possibility, especially since in adult zebrafish intraperitoneal injection of β-NF lead to 
increased CYP1A protein and activity already 24 hours after injection (Troxel et al. 1997). 
However, considering the early significant induction of EROD activity after exposure to 
extract, it must be considered that concentration dependent exposure to strong inducers or 
several inducers at once may lead the organism to neglect endogenous processes and rather 
produce active enzymes for detoxification.  
 
5.5.4. Connection between EROD and CYP1 activity  
In mammals, CYP1A and CYP1B1 oxidize and activate PAH’s (Shimada & Fujii-Kuriyama 
2004) and EROD activity is catalyzed by both (Chang & Waxman 2006). However, the 
activity towards EROD catalyzed by CYP1B1 is less than that catalyzed by CYP1A1 
(Shimada et al. 1997). Contributions of the single CYP1 enzymes to EROD activity vary 
among species (Jönsson et al. 2009a). Substrates for the CYP1C enzymes in zebrafish have 
not yet been identified, but they are likely also involved in xenobiotic metabolism (Goldstone 
et al. 2009, Goldstone et al. 2010). Rates of EROD activity of zebrafish CYP1D1 expressed in 
yeast were lower than that of CYP1A, but it is proposed that in basal conditions CYP1D1 
might contribute to EROD activity usually attributed to CYP1A (Goldstone et al. 2009).  
In the present study, basal EROD activity measured was quite low, as was transcript 
abundance of cyp1a, while transcript abundance of the cyp1c’s was higher. Basal transcript 
abundance of cyp1d1 in the zebrafish embryo is reported to be higher than that of cyp1a 
(Goldstone et al. 2009). Therefore, it is possible that in basal conditions EROD activity could 
in part be attributed to the cyp1c’s or cyp1d1. After exposure to AhR-agonists EROD activity 
was first significantly up-regulated compared to basal EROD activity at 96 hpf. Cyp1a 
transcripts were induced the strongest at 48 hpf, at 96 and 120 hpf cyp1b1 was similarly 
expressed. This leads to the conclusion that EROD activity measured at 96 and 120 hpf might 
be primarily related to activity of CYP1A and to a lesser extent CYP1B1. 
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 Conclusion 5.6.
This study provides a comprehensive analysis of the time-dependent development and 
fluctuation of basal and induced CYP1 gene expression and enzyme activity in early-life 
stages of the zebrafish embryo. The results show that each gene has a distinct pattern of 
expression in basal conditions during embryonic development. All four CYP1 genes were 
readily up-regulated after exposure to potent AhR-agonists and showed a temporal decline in 
up-regulation at 72 hpf compared to 48 and 96 hpf. Activity of EROD was measured as a 
biomarker of CYP1A activity. It could be shown that a stable measurement of EROD activity 
was possible at 96 hpf. Therefore, this time-point is recommended for future investigations of 
EROD activity in zebrafish embryos. 
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 Abstract 6.1.
Heterocyclic aromatic compounds (NSO-HET) have frequently been detected in the 
environment. Several studies have concluded that NSO-HETs pose a threat to organisms in 
waters, sediments and soils. Consequently, several heterocyclic compounds are under 
discussion to be included in the priority list of the European Water Framework Directive. 
However, few publications are available assessing the ecotoxicology of NSO-HETs. The 
present study aims to assess the embryotoxicity of heterocycles using Danio rerio. A 
combination of the Fish Embryo Toxicity test (FET) and analytical quantification should aid 
to determine the hazard potential. Changes of the total concentrations due to sorption or 
volatility were quantified by GC/MS. Loss of compounds during the test was observed 
primarily for volatile or hydrophobic NSO-HETs. The LC50 calculated with nominal 
concentrations underestimates the toxicity by a factor up to 16 (2 h), demonstrating that a 
chemical analysis for comparing nominal and measured concentrations is essential for such 
investigations.  
 
Keywords: heterocyclic aromatic compounds, NSO-HET, zebrafish, embryotoxicity, Fish 
Embryo Toxicity test 
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 Introduction  6.2.
Heterocyclic aromatic compounds are widely distributed pollutants in soil, air, sediments, 
surface water and groundwater, as well as in animal and plant tissues (Brack & Schirmer 
2003). They may be of natural origin (e.g. alkaloids), but high environmental concentrations 
mainly result from human activities. In particular, industrialized areas, such as creosote 
contaminated sites, represent important sources of tar oil pollutants (Blum et al. 2011, Weber 
et al. 2008). Creosote represents a complex mixture of over 10.000 single organic substances 
which are formed by thermal processes related to coal and fossil fuels (Blotevogel et al. 
2008). Beside technical and chemical processes that involve tar oil, heterocyclic compounds 
are also present in dyestuff (Cripps et al. 1990), pesticides and pharmaceuticals (Broughton & 
Watson 2004, Fernández-Alba et al. 2002). 
While creosote contains only 5 – 13% heterocyclic compounds (Dyreborg et al. 1997, Meyer 
1999), up to 40% of their water-soluble fraction consists of these heterocyclic compounds 
(Licht et al. 1997). The higher polarity and water solubility of the heterocyclic substances is 
based on the substitution of one carbon atom by nitrogen, sulfur or oxygen (NSO-HET; 
Meyer & Steinhart 2000). These chemical properties lead to increased bioavailability and 
mobility as compared to the homologous polycyclic aromatic hydrocarbons (PAH). Several 
studies using the concept of effect-directed analysis and mass balance calculations concluded 
that NSO-HETs contribute significantly to the ecotoxicological hazard of water, sediment and 
soil samples (Brack et al. 2007, Keiter et al. 2008, Wölz et al. 2008). NSO-HETs are known 
to show a large range of ecotoxic effects, e.g. acute toxicity, developmental and reproductive 
toxicity, cytotoxicity, photo-induced toxicity, mutagenicity, and carcinogenicity (Barron et al. 
2004, Brack & Schirmer 2003, Bundy et al. 2001, Eisentraeger et al. 2008, Robbiano et al. 
2004). Moreover, some studies have shown that NSO-HETs bioaccumulate in aquatic 
organisms, and acute toxicity has been reported for Daphnia, midge, and algae (Eisentraeger 
et al. 2008, Jung et al. 2001, Robbiano et al. 2004). Only a few publications are available 
comparing the toxicology of different groups of NSO-HETs (Eisentraeger et al. 2008, 
Feldmannová et al. 2006, Hinger et al. 2011, Sovadinová et al. 2006). Even though 
heterocyclic compounds have frequently been detected in the environment, there are no 
publications about the toxic effects on embryos of Danio rerio and the knowledge of their 
occurrence, the environmental fate, biological metabolism and toxic effects is limited 
(Bleeker et al. 1999, Blum et al. 2011, Feldmannová et al. 2006). Thus, further investigations 
are needed to evaluate the toxicity of these compounds with a special focus on the 
Chapter 6 - Introduction 
96 
development of aquatic organisms. In ecotoxicological testing, fish are an indispensable 
component of integrated toxicity testing strategies for the aquatic environment. 
In the present study the embryotoxicity of NSO-HETs was investigated by a vertebrate-based 
test system using embryos of zebrafish (Danio rerio). For this purpose, several NSO-HETs 
typically found at creosote-contaminated sites (Blotevogel et al. 2008; 2,3-dimethyl-
benzofuran, 2,4,6-trimethylpyridine, 2-methylbenzofuran, 6-methylquinoline, acridine, 
benzofuran, benzothiophene, carbazole, quinoline, dibenzofuran, dibenzothiophene, pyridine, 
xanthene) were selected for testing.  
Acute toxicity in fish embryos shows a high correlation with acute toxicity in adults 
(Braunbeck & Lammer 2005, Scholz et al. 2008). For some chemicals the Fish Embryo 
Toxicity (FET) test proved to be more sensitive than the acute fish test (Lange et al. 1995), 
and Nagel (2002) documented that the FET is a very promising tool to replace the acute fish 
test. Furthermore, since the embryos will not hatch during the test period of 48 h, the 48 h 
version of the FET is regarded an alternative for animal testing in the German federal state of 
North Rhine Westphalia (Nagel 2002).  
Previous studies demonstrated that loss of compounds due to processes such as volatilization 
and sorption to plastic surfaces may lead to an underestimation of the toxicity and have to be 
taken into account (Eisentraeger et al. 2008, Riedl & Altenburger 2007, Schreiber et al. 2008, 
Sverdrup et al. 2002). In order to evaluate the influence of sorption, precipitation or 
volatilization of the compounds during the test procedure, the total medium compounds were 
quantified by chromatographic analysis. LC50-values were calculated for both nominal and 
measured concentrations.  
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 Material and methods 6.3.
For detailed information see chapter 2. Brief description of modifications of the procedures 
are listed below. 
6.3.1. Chemicals 
All chemicals were purchased from Merck (Darmstadt, Germany) with exception of 
2-methylbenzofuran, 2,3-dimethylbenzofuran, 2,4,6-trimethylpyridine (Fluka, Buchs, 
Switzerland) and xanthene (Sigma-Aldrich, Deisenhofen, Germany). Molecular structures and 
properties are given in Table 6.1. 
Stock solutions of the NSO-HETs were prepared in 100% dimethyl sulfoxide (DMSO; 
Sigma-Aldrich) and stored in darkness at 4°C. The maximum content of DMSO during the 
test was below 0.25%. The DMSO concentration in the treatments was applied as a serial 
dilution together with the test substances. In order to exclude adverse effects caused by 
DMSO a solvent control of 0.25% was used.  
Dissolved concentrations of the tested substances were measured by means of GC/MS or 
HPLC/DAD-FLD, respectively. 
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Substance 
 
CAS-no. Purity (%) Log Kow
a 
Water solubility  
(mg/L)a 
Vapor pressure 
(Pa)a 
HLC 
(Pa m³/mole)a 
N
-H
E
T
 
Quinoline                                
 
91-22-5 >96 2.14 6110 8.00 0.169 
6-Methylquinoline              
 
91-62-3 >98 2.69 631 1.18 0.077 
Acridine                             
 
260-94-6 >98 3.32 38.4 0.02 0.040 
Pyridine                                      
 
110-86-1 >99.5 0.65 1 x 106 2773.1 1.115 
Carbazole                            
 
86-74-8 ~95 3.23 1.8 1 x 10-4 0.012 
2,4,6-Trimethylpyridine       
 
108-75-8 > 98 1.88 35,000 265.31 0.893 
2-Methylpyridine                        
 
109-06-8 >98 1.11 1 x 106  1493.2 1.009 
S
-H
E
T
 
Benzothiophene                         
 
95-15-8 >98 2.99 130 31.73 28.979 
Dibenzothiophene                
 
132-65-0 ~97 4.38 1.47 0.03 3.425 
O
-H
E
T
 
2-Methylbenzofuran            
 
4265-25-2 >95 3.09 160 64.93 56.667 
Table 6.1: Chemical properties (log KOW, water solubility, vapor pressure, and Henry’s Law Constant (HLC)) of the test substances at 25°C.
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Benzofuran                                    
 
271-89-6 >99 2.54 678 58.66 53.196 
Dibenzofuran                         
 
132-64-9 ~97 3.71 3.1 0.33 21.582 
Xanthene                             
 
92-83-1 99 4.31 1.02 0.14 4.833 
2,3-Dimethylbenzofuran            
 
3782-00-1 >95 3.63 62.2 7.09 ---b 
a 
Data from EpiWin 4.1 (US-EPA 2009)  
b
 Data not available 
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6.3.2. Chemical analysis 
To evaluate the effects of sorption, volatilization, or precipitation, substances were prepared 
in 24-well microplates analogous to the FET test with the exception of fish egg addition. 
Samples for the chemical analysis were taken immediately after NSO-HETs addition, 2 h and 
48 h later. The samples were stored in glass vials with a PTFE cap. All NSO-HETs except the 
pyridines were analysed by GC/MS after liquid-liquid extraction (LLE). Before LLE, samples 
were diluted to a final water volume of 45 mL. Extraction was performed with 5 mL methyl 
tert-butyl ether (MTBE) for 20 minutes. After separation and adding the internal standard, 5 
µL of the organic phase was injected and analyzed with an Agilent 6890N gas chromatograph 
equipped with an Agilent 5973 mass spectrometer operated in single ion mode (SIM). An 
Optima five capillary column (25 m  0.25 mm; 0.25 µm film thickness, Macherey & Nagel, 
Düren, Germany) was used for compound separation and helium was used as carrier gas at a 
flow rate of 1.1 mL/min. The temperature program was as follows: 40°C (4 min isothermal), 
40- 300°C increasing with a rate of 5°C/min, and 300°C (12 min isothermal). The maximum 
tolerated deviation of the method was 30% with a detection limit of 0.1 µg/L in the water 
samples (see also Eisentraeger et al. 2008, Hinger et al. 2011, Sagner 2009). 
 
6.3.3. Fish Embryo Toxicity (FET) test 
The FET was performed as described in chapter 2.1.4. 
Chemicals were tested in five different concentrations, prepared as dilutions of the DMSO 
stock solution with artificial water (ISO 1996). Each chemical was tested in at least two 
independent replicates with ten embryos per test concentration and controls. The exposed 
embryos were incubated at 26 ± 1°C for the exposure period of 48 h. For the FET a static test 
design was used. 
Evaluation of the test was carried out as described in chapter 2.1.4. After an exposure time of 
48 h, lethal endpoints (coagulation of the embryo, non-detachment of the tail, and non-
detection of the heartbeat) were recorded. 
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  Results  6.4.
6.4.1. Chemical analysis of NSO-HETs  
The chemical analysis (Table 6.2) showed that the concentration of all substances declined 
over the exposure time (to-t48). The decrease of substance during the first two hours (t2) 
exceeded 90% for benzothiophene. After 48 h benzothiophene was completely lost. The loss 
for the other substances ranged from 14% for 6-methylquinoline to 61% for xanthenes and 
2,3-dimethylbenzofuran within two hours. All S- and O-HETs showed a decline between 40 
and 60% after 2 h, and more than 90% after an exposure time of 48 h. Most of the N-HETs 
decreased to 36-50% of the initial concentration with the exception of carbazole and quinoline 
(48 h). Carbazole showed a loss of 82%, and for quinoline no concentration decline was 
observed over the exposure time of 48 h. 
Thus, all substances showed a large discrepancy between the nominal and the measured initial 
concentration (Table 6.2).  
 
6.4.2. Toxicity of NSO-HETs to the embryos of Danio rerio 
In order to calculate LC50-values, the results of the FET were used to create concentration-
response curves (Figure 6.1). Taking this into account, the LC50-values were calculated on the 
basis of nominal concentrations. For comparison LC50-values on the basis of measured 
concentrations are also given in Table 6.3. No valid results were obtained for 
dibenzothiophene. 
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Table 6.2: Nominal and measured concentrations, quantified by GC/MS and amounts of the substances lost from the test chambers due to volatilization, adsorption, and 
precipitation over the exposure period in mg/L. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a
 not measured by GC/MS 
 
Substance 
 
Nominal  
(mg/L) 
Measured concentrations (mg/L) Loss of substance (t = 0 to 2 h) 
(%) 
Loss of substance (t = 0 to 48 h) 
(%) 
t0 t2 t48 
N
-H
E
T
 
Quinoline 25 9.70 10.50 10.35 - 8.25 - 6.70 
6-Methylquinoline 10 6.72 5.76 3.38 14.29 49.70 
Acridine 5 2.83 2.26 1.79 20.14 36.75 
Pyridine 240 
a a a a a 
Carbazole 10 7.3 5.57 1.27 23.70 82.60 
2,4,6-Trimethylpyridine 120 
a a a a a 
2-Methylpyridine 200 
a a a a a 
S
-H
E
T
 Benzothiophene 30 22.95 1.40 0 93.90 100.00  
Dibenzothiophene 10 4.64 2.79 0.05 39.90 98.92 
O
-H
E
T
 
2-Methylbenzofuran 50 35.88 20.04 3,52 44.12 90.19 
Benzofuran 30 14,41 6.70 0.41 53.50 97.15 
Dibenzofuran 10 4.93 3.31 0.01 32.86 99.79 
Xanthene 10 3.75 1.44 0.04 61.60 98.93 
2,3-Dimethylbenzofuran 30 7.23 2.78 0.02 61.55 99.72 
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Figure 6.1: Concentration–response curves in the FET 
with zebrafish (Danio rerio) for all investigated 
heterocyclic compounds, as well as the positive (▼) and 
negative controls (■).The mean toxicity of the solvent 
control was 1.4% in all replicates (26 replicates). 
Concentration values on the x-axis refer to nominal test 
concentrations. Dots represent the values measured in 
two independent replicate experiments. No valid results 
were obtainable for dibenzothiophene. (Prism 5.03 
(GraphPad, La Jolla, U.S of America), Model: log 
(agonist) vs. normalized response, variable slope; 
Y=100/(1+10^((LogLC50-X)*HillSlope; HillSlope 1.0) 
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All other substances except for 2-methylpyridine and pyridine showed toxic potentials to 
embryos of Danio rerio with LC50-values ranging from < 1 to 16 mg/L (Table 6.3). 
 
Table 6.3: Comparison of predicted and experimental (nominal) LC50-values (in mg/L and µM) as well as toxic 
ratios (TR) for the embryos of Danio rerio. 
  
Substance 
              LC50experimental 
        [mg/L]                 [µM] 
LC50predicted
a 
   [mg/L] 
TR
a 
N
-H
E
T
 
 Quinoline 17 132 74.57 4.38 
 6-Methylquinoline 5.26 37 27.27 5.18 
 Acridine 0.66 4 9.55 14.47 
 Pyridine 93.43 1181 687.1 7.35 
 Carbazole 1.07 6 10.65 9.95 
 2,4,6-Trimethylpyridine 12.88 106 37.8 2.9 
 2-Methylpyridine 103.51 1115 266.89 2.58 
S
-H
E
T
 
 Benzothiophene 12.98 97 13.94 1.07 
 Dibenzothiophene 
b b 
  
O
-H
E
T
 
 2-Methylbenzofuran 14.03 106 11.3 0.8 
 Benzofuran 15.98 135 30.57 1.91 
 Dibenzofuran 3.6 21 4.02 1.12 
 Xanthene 3.76 21 1.31 0.30 
 2,3-Dimethylbenzofuran 7.34 50 4.12 0.56 
a According to US EPA (2009) 
b 
no valid data available 
 
The strongest embryotoxic substances were acridine and carbazole with LC50-values of 
0.7 and 1.1 mg/L, respectively (Figure 6.2). According to the international classification 
scheme acridine and carbazole are classified as very toxic and toxic.  
Dibenzofuran, xanthene, 6-methylquinoline and 2,3-dimethylbenzofuran showed also toxic 
potential to the embryos of Danio rerio with LC50-values ranging from 3.6 mg/L 
(dibenzofuran) to 7.3 mg/L (2,3-dimethylbenzofuran).  
Only minor effects were observed when the embryos were exposed to 2-methylpyridine and 
pyridine (LC50-values of 107.1 and 93.4 mg/L, respectively). 
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Figure 6.2: NSO-HETs toxicity in the FET with zebrafish (Danio rerio) sorted by LC50-values (nominal 
concentrations). No valid results were obtainable for dibenzothiophene. 
 
In order to consider the loss of substance after 2 h and 48 h the related LC50-values were 
determined based on nominal as well as analytically corrected concentrations (Figure 6.3). 
The correction factor (cf) was calculated according to the equation: 
 
          
 
With exception of quinoline all substances showed after the analytical correction a 
significantly higher toxicity and, thus, a lower effect concentration than when calculated for 
nominal concentrations. A prominent example is benzothiophene with a 16.6-fold increase in 
LC50 (Figure 6.3) after 2 h. The corrected LC50-values of xanthene and 
2,3-dimethylbenzofuran were 1.4 and 2.81 mg/L (2.6-fold change, respectively). All other 
substances showed a moderate decrease of the LC50-values ranging from a 1.2 (6-
methyquinoline) to a 2.2-fold change (benzofuran) after 2 h.  
After 48 h the highest substance loss and, thus, a significantly higher toxicity were observed 
for dibenzofuran with a LC50-value of 0.0075 mg/L (480-fold change). Xanthene (LC50: 
0.04 mg/L) and 2,3-dimethylbenzofuran (LC50: 0.02 mg/L) showed a high decrease of the 
LC50-values with a 94 and 349-fold change. 
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Figure 6.3: Uncorrected (referring to nominal concentrations, white bars) and corrected (referring to measured 
total medium concentration, light grey bars (2 h) and dark grey bars (48 h). LC50-values of the investigated 
heterocyclic compounds. The values at the bars demonstrate the X-fold change. nd: not detectable, n.m.: not 
measured by GC/MS. 
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 Discussion 6.5.
Eisenträger et al. (2008) presented the first investigation of the ecotoxicological impact of 
NSO-HETs on daphnids and algae in combination with chemical analyses. In the present 
study, the hazard potential of selected NSO-HETs was investigated with the FET with 
zebrafish embryos. The losses of substances were quantified analytically in order to determine 
a correction factor for each substance. Finally, a LC50-value was calculated which is based on 
nominal concentrations.  
 
6.5.1. Loss of substance  
The decrease of the concentrations during the first 2 h of exposure for 6-methylquinoline, and 
acridine was 14% and 20%, respectively. These substances do not show a high volatilization 
rate from the water surface (Henry’s Law Constant < 0.1 Pa m³/mole); thus, the loss of 
substance was likely caused by other processes, e.g., adsorption to the materials used in the 
test. In contrast, quinoline showed no concentration decrease during exposure even though the 
Henry’s Law Constant (HLC) was lower for 6-methylquinoline and acridine; however, 
quinoline possesses a comparable low log KOW of 2.14 and, thus, a loss of substance by 
adsorption was unlikely. Based on these chemical properties (Table 6.1) quinoline is not very 
hydrophobic and shows a low volatility. Therefore, a high recovery rate could be observed.  
A high loss of test substance (32% - 61%) after 2 h was observed for dibenzofuran < 
dibenzothiophene < 2-methylbenzofuran < benzofuran < 2,3-dimethylbenzofuran < xanthene 
(Table 6.2). Except of carbazole, these substances showed high HLCs between 3.4 and 56.7 
Pa m³/mole. In addition, the log KOW for these chemicals is > 2.6. Thus, the chemical 
parameters suggest that a combination of both, HLC and log KOW, are the main reasons for a 
high loss of substance during exposure time. However, Hinger et al. (2011) reported that a test 
with a semi-permeable membrane to prevent substance loss by volatilization showed no 
significant difference. Schreiber et al. (2008) reported that the major process of substance loss 
could be assigned to accumulation of lipophilic and volatile substances into the glue of 
commercial available adhesive foil. Similar results have been observed in the algae growth 
inhibition and the Daphnia magna immobilization test (Eisentraeger et al. 2008). The loss of 
carbazole during an exposure time of 48 h was 83%, even though the HLC is comparably low 
(0.012 Pa m³/mole); however, since the log KOW is 3.23, the loss of carbazole is likely caused 
by adsorption to the test vessels. In contrast, the loss of benzofuran was 53% after 2 h and 
97% at the end of the exposure time. The log KOW (2.54) is comparable low and the HLC is 
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very high (53.2 Pa m³/mole), suggesting that the decrease in concentrations was mainly driven 
by volatilization from the water surface. In conclusion, all S- and O-HETs showed a very high 
substance loss ranging from 90 to 100% during the exposure time of 48 h. Main reasons could 
be volatilization (high HLC and high vapor pressure) and absorption (high log KOW). With 
exception of the pyridines, most of the N-HETs have a moderate volatility and a low vapor 
pressure, which could be the reason for a comparable lower substance loss.  
The results of this study clearly showed that substance concentrations changed over time (t0, t2 
and t48). Thus, it is of major importance to monitor the substance concentration since results 
based on nominal test concentration will lead to an underestimation of the toxicity. However, 
within this study the selected time-points were not sufficient to detect the kinetic of substance 
loss. Hence, the loss of substances after 48 h presents just a worst-case-scenario. Therefore, in 
order to gain a sufficient kinetic of substance loss, more samplings are required throughout 
the exposure time. 
 
6.5.2. Specific toxic effects of NSO-HETs 
Based on the present data, acridine and carbazole appear to pose the highest toxicity in the 
FET with measured LC50-values of 0.7 and 1.1 mg/L, respectively. Nevertheless, 
6-methylquinoline, dibenzofuran, xanthene and 2,3-dimethylbenzofuran have also shown high 
toxic potential to the embryos of Danio rerio with LC50-values below 10 mg/L. Acridine, 
which was by far the most toxic substance among NSO-HETs investigated in the present 
study (LC50 = 0.7 mg/L), is also lethal to rainbow trout and bluegill sunfish after 2 and 13 h, 
respectively, at a concentration of 5 mg/L (Applegate et al. 1957). Parkhurst et al. (1977) 
reported an effect concentration (EC50) of 1.5 mg/L for fathead minnow (Pimephales 
promelas) after 48 h exposure time. 
The LC50 of acridine for Daphnia pulex under static test conditions was shown to be 
2.92 mg/L (after 24 h exposure; Van Vlaardingen et al. 1996). Eisenträger et al. (2008) 
reported an EC50 of 6.8 mg/L for Daphnia magna. Eastmond et al. (1984) investigated the 
toxicity of benzothiophene and dibenzothiophene in daphnids and found an LC50 of 0.47 
mg/L for dibenzothiophene. Eisenträger et al. (2008) also investigated the effects of these 
substances in Daphnia magna and determined the highest toxic potential for 
dibenzothiophene (EC50 of 4 mg/L). Due to its low water solubility (Table 6.1) and the high 
loss of substance during the exposure time (Table 6.2), an LC50-value for dibenzothiophene 
could not be determined in the present study. The results of several studies show that in 
particular volatile or hydrophobic heterocyclic substances cannot be characterized using 
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standard tests like the Daphnia immobilization test and the static FET due to substance losses 
during the incubation time. However, if the test is designed as a semi-static or even a flow-
through system, the loss should be reduced (Lammer et al. 2009b). Also passive dosing could 
be a suitable alternative to the static test design (Mayer & Holmstrup 2008, Smith et al. 2010).  
Just recently, the scientific community began to comparatively investigate the range of NSO-
HETs in different in vitro assays: e.g. genotoxicity and mutagenicity (Brinkmann et al. 
2014a), estrogenic activity (Brinkmann et al. 2014b), AhR (Hinger et al. 2011) and retinoid 
receptor (Beníšek et al. 2011) mediated effects. In most of these assays the heterocyclic PAHs 
caused similar or even higher toxicity to the homocyclic PAHs.  
The NSO-HETs investigated here showed relatively high potencies to induce micronuclei in 
the permanent cell line RTL-W1 (Brinkmann et al. 2014a). In this study, the authors were 
able to show genotoxic effects for six compounds that have not been reported for vertebrate 
systems before. Interestingly, the molar effect concentration observed in the study of 
Brinkmann et al. (2014a) significantly correlated (Person correlation coefficient r = 0.88, 
p = 0.02) with the embryotoxic potential presented in this study. Acridine and carbazol caused 
the highest toxicity to Danio rerio embryos and showed the highest potency to induce 
micronuclei in RTL-W1 cells. Furthermore, Hinger et al. (2011) have demonstrated that these 
two substances had the highest relative potency for luciferase induction in the DR-Calux 
assay, an assay for AhR-agonists, and generally seem to be of high concern. 
Together, these results show the high potencies of NSO-HETs for acute and mechanism-
specific toxicity. As mentioned before, heterocyclic PAHs are more mobile than homocyclic 
PAHs, e.g. in groundwater, due to higher solubility. Because groundwater are an important 
drinking water resource this substance classes possess a high risk to human health and should 
be included be included in groundwater monitoring programs, e.g. the German LAWA 
(threshold values for groundwater) that are based on toxicological and ecotoxikological effect 
data (Frank et al. 2010). 
 
6.5.3. Comparison of experimental and predicted mortality 
In order to evaluate and compare the experimental toxicity data a QSAR model was applied. 
A detailed comparison of each experimental, nominal LC50-value with predicted values 
obtained from the ECOSAR program (EPA 2009) was performed and evaluated according to 
Verhaar et al. (1992) using the toxicity ratio (TR): 
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In this approach a chemical is defined as a baseline toxicant if the TR is < 5, a polar narcotic 
at T  ≥ 5 and ≤ 10, and as a specifically acting compound at TR > 10.  
 
The calculation of toxic ratios for all S-, O-HETs and quinoline, 2,4,6-trimethylpyridine and  
2-methylpyridine showed a baseline toxicity with TRs ranging from 0.3 to 1.9. A polar 
narcotic effect could be shown for 6-methylquinoline (TR = 5.18) pyridine (TR = 7.35), and 
carbazole (TR = 9.95). However, the TR-values of 6-methylquinoline and carbazole are very 
close to the next class, baseline toxicity and specific mode of action, respectively. A high TR 
was calculated for acridine (14.47) indicating a specific mode of action. Hinger et al. (2011) 
reported a significant EROD activity for acridine in the cell based EROD as well as in the 
DR-CALUX assay.  
Neuwoehner et al. (2009) found also baseline toxicity for quinoline (TR = 2.4) in the Daphnia 
magna test and the algae test with Desmodesmus subspicatus.  
 
 
Figure 6.4: Comparison of the nominal and the predicted LC50-values the embryos of Danio rerio estimated by 
the ECOSAR-program. Grey dots represented experimental (nominal) and white predicted LC50-values. 
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As presented in Figure 6.4 lower LC50-values were measured than predicted by the ECOSAR 
model for acridine, 6-methylquinoline, benzofuran, carbazole, pyridine and 2-methylpyridine. 
It must be taken into account that the calculation of the ECOSAR model is based on adult fish 
and an exposure time of 96 h. In contrast, within this study results were obtained from 
zebrafish embryos after an exposure time of 48 h. Nevertheless, Lammer et al. (2008) 
demonstrated that results of the FET and acute fish toxicity test correlate very well 
(correlation coefficient r = 0.96), even though the FET proved to be more sensitive for some 
substances. The embryos of Danio rerio seem to be more sensitive to the evaluated 
heterocycles compared to the predicted LC50-values by the ECOSAR model. To confirm the 
results of this study another FET with an exposure time of 96 h would be necessary. As 
recommended by Strähle et al. (2012), an extended FET with an exposure time of 96 h should 
be conducted to include the hatching as an important endpoint. 
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 Conclusion 6.6.
In summary, data obtained in the present study suggest that NSO-HETs assert toxic effects to 
various aquatic organisms with LC50-values ranging from 0.47 mg/L to 6.8 mg/L.  
Heterocyclic compounds have frequently been detected in the aquatic environment (Blum et 
al. 2011, Eisentraeger et al. 2008) with measured total concentrations ranging from 1 to 100 
mg/L in waste water from industrial coking plants (Gissel-Nielsen & Nielson 1996, 
Southworth et al. 1978). Beside the acute toxic potential of the investigated NSO-HETs these 
substances showed also genotoxic, mutagenic and estrogenic activity (Brinkmann et al. 
2014a, Brinkmann et al. 2014b). Additionally, AhR- and retinoid receptor-mediated effects 
were observed in similar of even higher potentials as the homologues PAHs (Beníšek et al. 
2011). These findings indicate a high ecotoxicological potential of NSO-HETs towards 
aquatic organisms. The calculation of toxic ratios for most of the N-, S- and O-HETs showed 
a baseline toxicity with TRs ranging from 0.3 to 1.9. A polar narcotic mode of action could be 
shown for 6-methylquinolin, pyridine and carbazole and a specific mode of action for 
acridine. However, if the substance loss would be considered in the calculation of the toxic 
ratios the mode of action for almost all NSO-HETs would change significantly. Therefore, for 
further research and risk assessment of pollutants the chemical properties should be taken into 
account. 
The decrease of substance during exposure is likely due to adsorption to the surface of the test 
vessel and/or volatilization. Consequently, the toxicity assessment of chemicals with high 
HLC/vapor pressure and log KOW, should be based on measured and not on nominal 
concentrations. Loss of the substance leads to an underestimation of its environmental hazard 
potential, thus, biotesting on the basis of nominal concentrations may result in misleading 
approaches for risk assessment. For example, the risk potential of benzothiophene would be 
underestimated by a factor of 16 (after 2 h) in the FET on the basis of nominal concentration.  
Therefore, we recommend the quantification of test concentrations during any ecotoxicity 
testing. In addition, more sampling time-points are necessary to describe the kinetic of 
substance loss.  
So far most studies on heterocyclic compounds have focused on heterocycles with an 
incorporated nitrogen atom belonging to the class of azaarenes (Bleeker et al. 1999, 
Feldmannová et al. 2006, Jung et al. 2001, Van Vlaardingen et al. 1996, Wiegman et al. 
2001). However, in recent years in particular O-HET and S-HET proved to be slowly 
biodegradable, resulting in large plumes of contaminated groundwater (Blum et al. 2011, 
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Sagner 2009, Tiehm et al. 2008). Their high mobility and persistence in the aquatic 
environment makes release of these compounds a potential environmental threat. For a 
conclusive estimation of their effects on fish, however, additional data are required both for 
embryos and adult fish. 
Further investigations and discussions are required to define clear threshold values for log 
Kow and HLC to declare when it is necessary to us chemical analysis in order to determine 
more reliable LC50-values. 
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 Abstract 7.1.
For aquatic organisms sediments represent an important exposure route with environmental 
contaminants. These compounds can cause a multitude of toxic effects on the organism 
including AhR-mediated toxicity and embryotoxicity. One of the key challenges is the 
characterization and assessment of active substances which cause these effects. With this goal 
in mind the bioassay-directed fractionation was developed. This type of analysis is based on a 
combination of fractionation procedures, biotesting and subsequent chemical analyses. In this 
study, two sediment samples from the Rhine River and one from the Vering canal were 
fractionated. Subsequently, the novel FE-EROD assay as well as the FET with Danio rerio 
embryos was performed. Our studies have showed different toxic effects within different 
fractions. The fraction F2 containing PAHs as well as PCBs and PCDD/Fs was pointed out as 
the class with the highest EROD activity (in all samples). However, also high activity was 
found in the more polar (F3) and the polar (F4) fraction of the Vering canal. Similar results 
were found in the FET. Fractions F2 to F4 of the Vering canal showed a strong 
embryotoxicity. Additionally, a range of teratogenic effects could be found in any of the 
samples. With respect to the high amount of pollutants in environmental samples it is no 
surprise that the assessment of priority pollutants only often do not explain the recorded 
effects. Thus, the more polar and polar substances should be of special interest in further 
environmental research to elucidate the active compounds in these fractions. 
 
Keywords: bioassay-directed fractionation, zebrafish, fish embryo toxicity test, EROD 
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 Introduction  7.2.
In the environment, chemicals occur as a complex mixture arising from both anthropogenic 
and natural sources, containing a large number of regulated and non-regulated contaminants. 
Legislation and hence regulation like the European Water Framework Directive (EWFD) is 
based on a list of priority pollutants but non-target compounds may also contribute to the 
overall sample toxicity. However, these compounds are neglected in the monitoring programs 
(Brack 2003). Thus, the identification of toxic compounds in environmental samples is of 
great interest in order to update the priority list and their further regulation (Regueiro et al. 
2013). In particular since evidence is increasing that prior selected target compounds 
including the priority pollutants often do not explain effects at contaminated sites (Brack et al. 
2007, Kammann et al. 2005), European research focuses intensively on the identification of 
effect-based less toxicants in the European river basins (Kaisarevic et al. 2009). 
The use of biological methods facilitates a concurrent detection of all toxicants related to a 
given endpoint. A battery of simple in vitro bioassays based on different modes of actions is a 
useful tool for routine monitoring of complex environmental samples (Escher et al. 2008, 
Smital et al. 2011). However, bioassays give little information about the chemical identity of 
responsible toxicants. Bearing this in mind, biological and analytical techniques have been 
combined to isolate and characterize the biologically active compounds (Blasco & Picó 2009). 
Therefore, the bioassay-directed fractionation have become a promising tool for determining 
the cause of biological effects and aims to establish a causal link between chemical substances 
and biological effects in environmental samples (Brack 2003, Grung et al. 2007). The basic 
idea of this approach is based on a combination of fractionation procedures, biotesting and 
subsequent chemical analysis (Hecker & Giesy 2011, Hecker & Hollert 2009). Moreover, 
there is a stepwise separation and simplification of the complex samples by removing non-
toxic compounds in order to facilitate a chemical identification of the remaining toxicants 
(Regueiro et al. 2013). The toxic potency of the fractions is tested by applying bioassays. 
Obtained results are used for further chemical analysis towards the most toxic fractions 
(Brack 2003, Scheurell et al. 2007). This bioanalytical approach has been demonstrated as a 
valuable tool for identifying toxicants in various types of environmental matrices such as soil, 
sediments, air particulate matter, effluents and groundwaters (Grung et al. 2007, Hecker & 
Hollert 2009, Wölz et al. 2010). 
Numerous aromatic environmental pollutants are known or suspected aryl hydrocarbon 
receptor (AhR)-mediated toxicants, which are able to induce Cytochrome P4501A (CYP1A) 
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in exposed cells and organisms. These compounds include halogenated aromatic 
hydrocarbons (HAHs) such as polychlorinated dibenzo-p-dioxins (PCDDs), dibenzofurans 
(PCDFs) as well as polycyclic aromatic compounds (PAHs) including alkylated and 
heterocyclic aromatic compounds (Behnisch et al. 2001, Brack et al. 2003). They are 
ubiquitous environmental contaminants (Weber et al. 2008) and occur in complex mixtures 
together with innumerous non-inducing compounds. The binding of the AhR-inducers leads 
to dioxin-like toxicity including hepatotoxicity, embryotoxicity, teratogenicity and 
immunotoxicity in many different species at relatively small concentrations (Hecker & Giesy 
2011, Sundberg et al. 2005). Thus, the induction of ethoxyresorufin-O-deethylase (EROD) is 
a generally agreed biomarker for the exposure towards potentially hazardous compounds. The 
identification of individual CYP1A-inducers and the assessment of their contribution to 
overall hazard in complex environmental mixtures require the removal of non-inducing 
compounds.  
The use of recombinant bioassays has greatly improved the screening of complex samples; 
these assays are constructed to measure a limited number of toxicant endpoints and the 
complexity of native cells are usually not accounted for (Beresford et al. 2000). The embryo 
of the zebrafish (Danio rerio) can be monitored for various endpoints including lethality and 
deformities, but can also be used in subsequent measures of gene expression and enzyme 
activity such as CYP1A, and mechanism-specific effects like genotoxicity and EROD activity 
(Hecker & Giesy 2011, Kosmehl et al. 2008, Kosmehl et al. 2006, Mattingly & Toscano 2001, 
Otte et al. 2010; Schiwy et al. 201, submitted).  
Therefore, the goals of the present study were to evaluate the contribution of the monitored 
target organic compounds (AhR-inducers) in the Rhine sediments (Altrip and Ehrenbreitstein) 
and the sediment from Vering canal (Hamburg) to potential hazards of the complex 
contamination and suggest additional potentially relevant groups of contaminants as a basis 
for further toxicant identification and monitoring. In a first step the Fish Embryo Toxicity test 
(FET; DIN 2009) and the fish embryo EROD-assay (FE-EROD) according to Schiwy et al. 
(2014, submitted) were performed to analyze the three crude extracts for their embryotoxicity 
and AhR-mediated toxicity. Subsequently, the three sediment samples were fractionated for 
polarity. Physico-chemical fractionation sequentially reduced the complexity of mixtures 
followed by another testing for biological effects (FET for acute toxicity and FE-EROD for 
mechanism-specific activity) to identify the potential toxic fraction of each subfraction. 
Finally, the active fractions were used for chemical analysis.  
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  Material and methods 7.3.
For detailed information see chapter 2. Modifications in the procedure will be described in the 
following paragraph. 
 
7.3.1. Fractionation of sediment extracts 
The extraction of the sediment samples from the Rhine River (Altrip and Ehrenbreitstein) and 
the Vering canal (Hamburg) were conducted as described in chapter 2.1.1. The alumina 
fractionation procedure was performed according to the protocol from Brack et al. (2003a). 
First, alumina was deactivated with 4.5% distilled water. Crude extracts were fractionated in 
open glass chromatography columns (3 cm x 40 cm) using 90 g deactivated alumina (activity 
I, ICN, Biomedicals GmbH, Eschwege, Germany; Brack 200b, Brack et al. 2005). The results 
of the process were four fractions each containing different types of contaminants, depending 
on their polarity. Substances were eluted with solvents (analytic grade, Carl Roth, Karlsruhe, 
Germany) of increasing polarity: fraction 1 containing non-polar aliphatic compounds were 
eluted using 75 ml of n-hexane; fraction 2 characterized by non-polar compounds were eluted 
with 250 ml of n-hexane/dichlormethane (90/10, V/v); fraction 3 containing more polar 
substances were eluted with 250 ml of dichlormethane; and fraction 4 including very polar 
substances were eluted with 250 ml of methanol/acetic acid (99/1, V/v). The volume of each 
fraction was reduced to 1 ml by nitrogen evaporation and re-dissolved in 1 mL 
dimethylsuloxide (DMSO), corresponding to a final concentration of 20 g sediment 
equivalent (SEQ) per mL DMSO. The fractions were tested for their EROD-activity and 
embryotoxicity using zebrafish larvae. 
 
7.3.2. Exposure of the fish embryos 
In preliminary experiments the four fractions of the sediment extracts from the Rhine River 
(Altrip and Ehrenbreitstein) and the Vering canal (Hamburg) were investigated in the FET 
assay to determine the embryotoxicity and teratogenicity. The LC10 was used as the highest 
concentration in the FE-EROD assay to avoid acute toxicity. The FET was conducted as 
described in chapter 2.1.4  
For the FE-EROD and the FET assay embryos were exposed to five concentrations in at least 
three independent replicates. As negative control embryos kept in artificial water and threated 
equally were used. Based on preliminary investigations zebrafish embryos were exposed for 
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24 h (from 72 to 96 hpf) and the FE-EROD assay was conducted as described in chapter 
2.1.6. 
7.3.3. Chemical analysis of NSO-HETs 
For the chemical analysis of NSO-HETs the four fractions of the sediment samples were 
further extracted using a liquid-liquid extraction (LLE) and analysed by GC/MS (cf. chapter 
2.1.8). 
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  Results  7.4.
7.4.1. Embryotoxicity and teratogenicity of the sediment fractions 
For each of the four fractions (F1 – F4) of Altrip and Ehrenbreitstein no LC50-values could be 
calculated. The exposure to the Vering canal showed strong embryotoxic potential in the 
fractions 2, 3 and 4 (Table 7.1). The fraction 1 showed no embryotoxic effects and, thus, a 
LC50-value could not be determined. Strongest embryotoxicity was found in fraction 3 (LC50: 
0.5 mg SEQ/mL, 96 hpf) followed by fraction 2 (LC50: 1 mg SEQ/mL, 96 hpf) and fraction 4 
(LC50: 3.1 mg SEQ/mL, 96hpf). Additionally, the results show that the mortality of zebrafish 
embryos is increasing with an increasing exposure time (Table 7.1). 
 
Table 7.1: Lethal effect concentrations (LC50): Recorded after 24, 48, 72 and 96 h of exposure of Danio rerio 
embryos to sediment fractions from the Vering canal (Hamburg). LC50-values were calculated as mean of three 
independent replicates. 
 F1 F2 F3 F4 
24 hpf nd 6.5 1.6 15.7 
48 hpf nd 6.6 1.4 8.5 
72 hpf nd 4.1 1 3 
96 hpf nd 1 0.5 3.1 
nd = not detectable 
 
The fractions 2 and 3 of the Vering canal as well as the fraction 4 of all sediments caused 
diverse teratogenic effects including absence of pigmentation, deformation of the spin, 
reduced heartbeat and edemas of heart and yolk sac. Additionally, the fraction 3 and 4 from 
the Vering canal caused a significant reduction of the hatching rate. Almost all larvae failed to 
hatch after 96 hpf of exposure to fraction 4 at concentrations of 6.25 mg SEQ/mL. All other 
fractions showed no teratogenic effects. 
 
7.4.2. AhR-mediated toxicity of the alumina fractions 
EROD activity was not significantly altered in embryos exposed to the fraction 1 of the Rhine 
River sediments (Altrip and Ehrenbreitstein) and the Vering canal compared to the negative 
control. Significant differences were found after exposure to the fraction 2 (ANOVA, p≤0.05) 
of all three samples (Figure 7.1). The fraction 2 of Altrip and from the Vering canal showed a 
significant EROD activity at the lowest concentration of 0.6 and 0.05 mg SEQ/mL, 
respectively (ANOVA, p≤0.05). In contrast, the F2 of Ehrenbreitstein showed a significant 
induction at concentrations of 2.5 to 10 mg SEQ/mL (ANOVA, p≤0.05; Figure 7.1). Highest 
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activity was measured at 0.3 mg SEQ/mL (0.185 pmol/(mg*min)) after exposure to the F2-
fraction of the Vering canal.  
The exposure to the F3 and F4 of the Vering canal showed significant enzyme activity in all 
tested concentrations (0.05 to 0.4 mg SEQ/mL). The embryos exposed to F3 of 
Ehrenbreitstein showed a significant EROD activity at 5 and 10 mg SEQ/mL (ANOVA, 
p≤0.05).  xposure to the fraction 4 showed a significant induction at a concentration of 
10 mg SEQ/mL (ANOVA, p≤0.05). In contrast,   OD activity did not significantly alter in 
embryos after exposure to the fraction 3 and 4 from Altrip when compared to the controls 
(ANOVA, p≤0.05).  
 
Figure 7.1: Concentration-dependent EROD activity in negative controls (NC) and four fractions (F1 to F4) of 
the sediments from the Rhine River (Altrip and Ehrenbreitstein) and the Vering canal exposed Danio rerio 
embryos. Bars represent mean values and standard deviation (n = 3). Asterisks indicate significant differences 
between control and exposed samples at given time concentration (ANOVA, p≤0.05). 
 
7.4.3. Chemical quantification of NSO-HETs 
The highest sum concentration of NSO-HETs was found in the F2-fraction from the Vering 
canal (∑ 2673 µg/Kg) followed by fraction 3 (∑ 551.35 µg/Kg) and 4 (∑ 25.97 µg/Kg). For 
both Rhine River sediments in the fraction 2 only minor concentrations could be detected with 
sum concentrations of 5.25 µg/Kg (Altrip) and 196 µg/Kg (Ehrenbreitstein), respectively 
(Table 7.2). The highest concentrations were measured in the F4 from the Vering canal for 2-
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methyldibenzofuran (1100 µg/Kg), dibenzothiophene (640 µg/Kg) dibenzofurane 
(250 µg/Kg) and benzothiophene (250 µg/Kg). Acridine and carbazole were found in the 
fraction 4 with concentrations of 240 µg/Kg and 120 µg/Kg, respectively. 
 
Table 7.2: Concentrations of the NSO-HETs in sediment fractions 1 to 4 from the Rhine River (Altrip and 
Ehrenbreitstein) and the Vering canal quantified by GC/MS in µg/Kg. 
Substance 
Altrip Ehrenbreitstein Vering canal 
F1 F2 F3 F4 F1 F2 F3 F4 F1 F2 F3 F4 
Thiophene a a a 0.2 0.1 0.8 a 0.5 a 0.4 0.7 0.6 
Pyrrole a a a a a a a a a a a 2.6 
2-Methylthiophene a a 0.1 a a a a a a a a 0.2 
3-Methylthiophene a a a a 0.3 a a a a a a a 
2,5-Dimethylthiophene a a a a a a a a a a a a 
2,3-Dimethylthiophene a a a a a 0.2 a a a a 0.3 a 
Benzofuran a a a a a a a a a 7.5 1.4 2.1 
Indan a a a a a a a a 0.4 5.5 a a 
Inden a a a a a a a a a 55 a 3.5 
2- + 3-Methylbenzofuran a a a a a a a a 0.7 4.4 0.6 0.3 
Dibenzofuran a 0.6 a 0.2 a a 0.8 a a 250 1.2 0.4 
Benzothiophene a a a a 0.8 a a 1.1 a 250 0.4 0.2 
2,3-Dimethylbenzofuran a a a a a a a a a 6.5 0.1 a 
Quinoline a a a a a a a a 0.4 a a a 
Isoquinoline a a a a a a a a a 2.2 a a 
2-Methylbenzothiophene a a a a a a a a 0.9 12 a a 
3-Methylbenzothiophene a a a a a a 0.1 a 0.3 5.2 a a 
5-Methylbenzothiophene 0.6 0.6 a a a 0.02 a a 0.4 7.1 a a 
3,5-Dimethylbenzothiophen a a a a a a a a 0.8 2.1 0.1 a 
2-Methylquinoline a a a a a a a a a 50 57 a 
8-Methylquinoline a a a a a a a a a 1.5 0.2 a 
3-Methylquinoline a a a a a a a a 0.5 0.5 0.9 a 
4-Methylquinoline a a a a a a a a a 0.3 0.2 0.3 
3-Methylisoquinoline a a a a a a 0.3 a 0.3 a 12 a 
1-Methylisoquinoline a a a a a a a a 0.3 a 12 a 
2,6-Dimethylquinoline a a a a a a a a 0.7 47 32 0.4 
2,4-Dimethylquinoline a a a a a a a a a 8.8 26 a 0 
Cumarine a a a a a a a a a 2.3 1.2 0.6 
2-Phenylphenol a a a 1.4 a a a a a 10 a 0.87 
1,1-Dioxid Benzo[b]thiophene a a a a a a a a a 3.8 0.4 a 
2-Methyldibenzofuran a 0.4 a a a a 0.6 a a 1100 1.3 0.5 
Xanthene a a a a a a a a a 5.1 a 0.1 
Dibenzothiophene a 0.4 a a a a a a a 640 1 0.4 
Acridine 0.3 0.8 0.3 a a a a a a 37 120 6.4 
Phenantridine a a a a a a 0.2 a a 36 35 0.5 
Carbazole 0.4 2.2 1.6 0.4 a 0.9 0.90 a a 8.2 240 4.2 
4-Methyldibenzothiophene a 0.3 a a a a 0.3 a a 100 0.5 1.7 
Xanthenon a a a a a a a a a 13 1.3 a 
Sum NSO-HETs 1.24 5.25 2.06 2.12 1.17 1.96 3.18 1.55 6.04 2673 551.35 25.97 
a: not detectable 
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 Discussion 7.5.
Aquatic organisms in the environment are exposed to complex mixtures of contaminants, 
resulting in a multitude of (eco-)toxicological effects and unknown mechanisms of toxicity 
(Sundberg et al. 2005). The EWFD requires a good ecological and chemical status in 
European river basins to be achieved by the year 2015. One of the realistic and cost-benefit 
implementation of the EWFD should be the identification of the most hazardous group and/or 
substances (Smital et al. 2013). Difficulties in the identification of toxic compounds in 
complex environmental samples may be circumvented by fractionation. These fraction 
processes lead to a more reliable identification than the analysis of non-fractionated samples 
(Sundberg et al. 2005). 
By use of intact vertebrates, with all their biological complexity, a broader toxicological 
evaluation may be facilitated. Early developmental stages of fish were often used in the 
assessment of environmental samples (Hecker & Giesy 2011), since they are generally more 
sensitive to environmental factors than juvenile and adult stages (Lammer et al. 2009a). One 
promising test is the FET. The embryos can be monitored for various endpoints, including 
lethality and deformities, but can also be used in subsequent investigations of gene expression 
and enzyme activities such as CYP1A (Schiwy et al. 2014, submitted, Bräunig et al. 2014, 
submitted) and genotoxicity (Kosmehl et al. 2006). In the present study, four fractions of 
sediment samples from the Rhine River (Altrip and Ehrenbreitstein) and the Vering canal 
(Hamburg) were tested with the FET and the FE-EROD assay to determine the embryo- and 
AhR-mediated toxicity and to identify the most active fraction. 
 
7.5.1. Embryotoxic and teratogenic potential of the alumina fractions 
Embryotoxicity of the alumina-fractions 
After fractionation of the crude extracts from two Rhine River sediments (Altrip and 
Ehrenbreitstein) and the Vering canal the significant toxic potential was exclusively found in 
the fractions 2 to 4 of the Vering canal. Fraction 2 showed a strong embryotoxicity with a 
LC50-value of 1 mg SEQ/mL after 96hpf. PAHs mainly containing in the F2 may be 
responsible for the embryotoxicity (Wu et al. 2012). But also a high amount of NSO-HETs 
were found in the fraction 2 of the Vering canal after measurement by GC/MS with a total 
sum of 2673 µg/Kg (see Table 7.2). As described in chapter 6 NSO-HETs have an 
embryotoxic potential to zebrafish embryos. Additionally, Safe (1994) documented an 
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embryotoxic potential for dioxins, furans and PCBs. A detailed chemical analysis for the 
PAHs, PCBs, furans and dioxins are not available yet for the investigated fractions. Still in the 
crude extract of the Vering canal high amounts of PAHs were found with a sum of EPA-
PAHs of 1324 mg/Kg. The strongest embryotoxicity was found in the F3 of the Vering canal 
(LC50 of 0.5 mg SEQ/ml after 96 hpf). Fraction 4 showed also a strong embryotoxicity with a 
LC50-value of 3.1 mg SEQ/mL after 96 hpf. These fractions contain the more polar and polar 
substances like NSO-HETs, triazene, phosphorylated pesticides and other polar substances 
(Brack et al. 2005). NSO-HETs were found in fractions 3 and 4 in concentrations of 
∑ 551.4 µg/Kg and ∑ 26 µg/Kg, respectively. Acridine and carbazole were found in fraction 3 
with concentrations of 120 and 240 µg/Kg, respectively. Both substances showed the highest 
embryotoxicity after exposure to zebrafish embryos with LC50-values of 0.66 mg/Kg 
(acridine) and 1.07 µg/Kg (carbazole; cf. chapter 6). Therefore, acridine and carbazole may 
contribute to the embryotoxic potential of the fraction 3. Nevertheless, also synergistic and 
antagonistic effects have to be taken into account (Smital et al. 2013). Additionally, other 
polar substances may contribute to the embryotoxicity of F3. NSO-HETs found in fraction 4 
showed no environmentally relevant concentration. However, these contaminants may elicit 
additive or synergistic effects (Chou et al. 2014). Thus, it is important to assess the combined 
toxicity of multiple contaminants. For example, Perez et al. (2013) investigated the synergistic 
toxicity of the insecticide chlorpyrifos and the two herbicides atrazine and terbuthylazine. As 
a result, atrazine and terbuthylazine potentiated chlorpyrifos´ toxicity to early-life stages of 
Danio rerio. They suggested that the presence of the two herbicides accelerated the 
transformation of chlorpyrifos into its oxon form. Therefore, the toxicity was increased by 
means of inhibition of the acetylcholine esterase activity. These results highlight the possible 
interactions between pesticides in a mixture in an aquatic system and such interactions can be 
also postulated for other environmental contaminants. 
After exposure to the two Rhine River sediments no embryotoxic potential could be observed 
in any of the four fractions. Therefore, mixture toxicity effects seem to play an important role, 
as, the crude extract showed a moderate embryotoxicity with LC50-values of 
16.4 mg SEQ/mL (Altrip) and 19.5 mg SEQ/mL (Ehrenbreitstein; (Kammann et al. 2005) and 
cf. chapter 4). Particularly, high embryotoxicity was expected for fraction 2 since chemical 
analysis for the crude sediment extracts showed sum concentrations of the 16 EPA-PAHs of 
4.8 mg/kg (Altrip) and 6.9 mg/kg (Ehrenbreitstein; Garcia-Käufer et al., unpublished data). 
PCBs, expected in fraction 2, were found in crude extracts of the sediments from Altrip and 
Ehrenbreitstein at concentrations of 29 and 15 µg/Kg, respectively. NSO-HETs were found in 
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sum concentrations of 5.24 µg/Kg (Altrip) and 1.96 µg/Kg (Ehrenbreitstein). Thus, the 
embryotoxicity detected in the crude extracts of the Rhine River sediments may be caused by 
combined toxicity of contaminants. This complex mixture of chemicals may have synergistic 
effects on the embryotoxicity. For example, a combination of phenantrene and lindane have 
induced greater toxic effects on copepode reproduction (Evans & Nipper 2007) and acute 
toxicity of a mixture of PAHs on freshwater and benthic organisms has also been shown to be 
synergistic (Verrhiest et al. 2001). On the other hand, also inhibitory effects must be taken 
into account. Dong et al. (2001) showed that TCDD-induced circulation failure and apoptosis 
in the midbrain of zebrafish embryos. However, these effects were inhibited in the presence of 
two CYP-inhibitors (α-naphthoflavone and Miconazole). For the used sediment samples a 
complete chemical analysis is not available yet. However, for a comprehensive assessment of 
complex environmental samples a detailed chemical analysis is of major importance to 
consider synergistic and antagonistic effects. 
 
Teratogenic effects of the alumina fractions 
Beside acute embryotoxicity the fraction 2 of the Vering canal caused a range of different 
teratogenic effects including absence of pigmentation, deformation of the spin, reduced 
heartbeat as well as edemas of heart and yolk sac and but not least a delay in hatching rate. 
Similar effects were observed after exposure to freeze-dried sample and the sediment extract 
(see chapter 3 and 4). Previous studies already reported that specific teratogenic effects in 
early-life stages of fish are caused by a number of different PAHs (Barron et al. 2004, Scott et 
al. 2011, Van Tiem & Di Giulio 2011) and the fraction 2 contains non-polar PAHs. Moreover, 
Dioxins, PAHs, PCBs and other dioxin-like substances are well known to cause a range of 
teratogenic effects in zebrafish including pericardial edema (Cantrell et al. 1998, Sundberg et 
al. 2005), spinal deformations (Incardona et al. 2005) and a decreased blood circulation 
(Teraoka et al. 2010). Furthermore, PCBs are well known to increase mortality and to 
influence the hatching rate in exposed fish larvae (Hollert et al. 2003, Strmac et al. 2002, 
Westerlund et al. 2000). The chemical analysis of the Vering canal´s crude extract showed a 
total amount of 1324 mg/kg of PAHs. Therefore, we assume that the observed teratogenic 
effects are mainly caused by the measured PAHs. These teratogenic effects are generally 
regarded as mediated by the AhR when caused by pollutants with AhR-affinity as PAHs, 
PCBs, PCDDs (Cantrell et al. 1996, Cantrell et al. 1998, Guiney et al. 1997, King-Heiden et 
al. 2012, Sundberg et al. 2005; cf. also chapter 3). 
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After exposure to the F4 of the two Rhine River sediments deformations of the spine, as well 
as yolk sac and heart edemas were observed. Furthermore, the fraction 3 and 4 from the 
Vering canal caused a significantly reduced hatching rate. Almost all larvae failed to hatch 
after exposure to fraction 4 after 96 hpf at concentrations of 6.25 mg SEQ/mL. The more 
polar and polar substances as containing in the fractions 3 and 4 are known to induce 
teratogenic effects in zebrafish embryos (Mukhi et al. 2005, Wiegand et al. 2001). Wiegand et 
al. (2001) found teratogenic effects after exposure of zebrafish embryos to the herbicide 
atrazine. These effects were deformities, edemas as well as a reduced heartbeat. Spinal 
deformation was found in zebrafish embryos after exposure to organophosphates, 
organochlorine and carbamate insecticides (Mhadhbi & Beiras 2012, Pérez et al. 2013). The 
reduced hatching rate after exposure to F3 and F4 of the Vering canal might be due to the 
absence of secreted proteolytic enzymes required for chorion-softening (Trikić et al. 2011). 
The hatching gland releases enzymes that break down the chorion and allow embryos to hatch 
(Mangos et al. 2000). These enzymes might be inhibited due to the high grade of under 
development of the embryos. As mentioned before, a detailed chemical analysis is of great 
importance to include synergistic and antagonistic effects into the assessment of complex 
environmental samples. Additionally, further fractionation procedures with subsequent 
biotesting are required to gain more insight about the source of teratogenic and embryotoxic 
effects. 
 
7.5.2. AhR-mediated toxicity of the alumina fractions 
AhR-ligands are ubiquitous and highly concentrated in aquatic ecosystems (Weber et al. 
2008). Bioassay-directed fractionation has been documented to be a suitable tool to identify 
compound categories and AhR-mediated effects (Brack et al. 2005, Wölz et al. 2010). The 
binding of xenobiotics to the intercellular AhR triggers numerous adverse effects on many 
organisms (Henkler & Luch 2011, Mimura & Fujii-Kuriyama 2003, Ohtake et al. 2011). 
Therefore, in the present study the newly developed FE-EROD assay with zebrafish embryos 
were performed in order to identify the substance class which is responsible for AhR-
mediated toxicity. The EROD assay is a generally accepted marker for the exposure towards 
potentially hazardous compounds (Brack et al. 2007). Typically, level of CYP activity 
induced by contaminated environmental samples has been determined using permanent cell 
lines (Giesy et al. 2002). However, animal tests provide more relevant and significant test 
scenario as effects such as uptake, transportation within the animal as well as metabolism are 
covered (Sundberg et al. 2005). 
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Non polar aliphatic compounds primary found in the fraction 1 did not cause AhR-mediated 
toxicity in any of the samples. These results are in accordance with other studies focused on 
AhR-mediated toxicity (Brack et al. 2002, Engwall et al. 1997, Wölz et al. 2010). 
Fraction 2 showed the highest inducing potential in all sediment samples (from 
0.06 pmol/(mg*min) (Ehrenbreitstein) to 0.19 pmol/(mg*min) (Vering canal)). Significantly 
increased activities was also found in fraction 3 of the Vering canal (0.14 pmol/(mg*min)). 
Additionally, fractions 4 of the Vering canal showed a moderate EROD activity 
(0.1 pmol/(mg*min)) in the same range like the highest concentration of the Altrip fraction 2 
(0.13 pmol/(mg*min)). Similar results were obtained by Brack and Schirmer (2003) after 
exposure of RTL-W1 to alumina-fractions of different sediment samples. PAHs and related 
compounds contained in fraction 2 have been identified as major AhR-agonists in sediment 
samples (Grung et al. 2011, Lübcke-von Varel et al. 2011). A detailed chemical analysis of 
the fractions for PAHs, PCBs, furans and dioxins is not available yet. But in the crude extracts 
high amounts of the 16 EPA-PAHs were found with a total sum of 1324 mg/Kg (Vering 
canal), 4.8 mg/Kg (Altrip) and 6.9 mg/Kg (Ehrenbreitstein). Some studies report that priority 
PAHs are only minor contributors to the AhR-mediated toxicity of sediment samples (Keiter 
et al. 2008, Lei et al. 2014, Wang et al. 2014, Wölz et al. 2010). Therefore, priority PAHs are 
not necessarily the compounds that should be addressed. Several studies found that the S-HET 
dibenzothiophene is a strong EROD inducer (Brack et al. 2005, Kaisarevic et al. 2009, Wang 
et al. 2014, Wölz et al. 2008). In our study 640 µg/Kg dibenzothiophene was found in fraction 
2 of the Vering canal. Other NSO-HETs were found in this fraction in comparable high 
concentration (2-methyldibenzofuran (1100 µg/Kg), benzothiophene (250 µg/Kg) and 
dibenzofuran (250 µg/Kg)) and could contribute to the overall EROD activity of this fraction 
(Hinger et al. 2011). The fraction 3 (more polar) and 4 (polar) of the Vering canal showed 
also a high and moderate EROD-activity, respectively. Therefore, these fractions should also 
chemical analyzed for more polar and polar compounds, since there are clear evidence that 
pollutants in these fractions may induce AhR-activities and ,thus, it can be assumed that such 
substances possess a high environmental hazard potential (Brack et al. 2005, Kaisarevic et al. 
2009). For example, more polar compound classes like NSO-HETs, amines and several 
pesticides are also well known to act as AhR-agonists (Behnisch et al. 2001, Dong et al. 2009, 
Hinger et al. 2011). These findings are in agreement with other studies on sediments which 
also indicated an induction potency for more polar compounds in the EROD-assay (Wölz et 
al. 2011). Lübcke-van Varren et al. (2011) demonstrated that semi-polar to polar fractions 
cause moderate to strong AhR-mediated toxicity. In fact, in numerous earlier studies, it turned 
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out that so far unknown and usually not analyzed substances were of higher relevance (Barron 
et al. 2004, Brack et al. 2005, Chou et al. 2014, Lübcke-von Varel et al. 2011). Furthermore a 
hazard and risk assessment of complex environmental mixtures will significantly 
underestimate the risk if it is focused only on priority pollutants and especially on non-polar 
compounds (von der Ohe et al. 2011). Many of the more polar and polar compounds are not 
identified yet or there is a lack of data on their potential to cause adverse effects (Lübcke-von 
Varel et al. 2011, Wölz et al. 2011). Thus, there is a need to focus more on these polar 
fractions in sediment analysis and assessment. It has to be noted that these fractions contain 
compounds with a higher polarity and hence possess elevated water solubility and, therefore, 
they are more mobile and bioavailable than e.g. PCBs and most PAHs. 
AhR-mediated activities caused by crude extracts of Altrip and the Vering canal were 
significantly lower than the related fractions 2 (and F3 Vering canal; cf. chapter 4.4.2). These 
results are in agreement with a study by Brack et al. (2005) who found also a higher EROD 
activity in a fraction of the Neckar river sediment than in its crude extract (130% of the crude 
extract). Most likely, the EROD-activity of the crude extracts might be suppressed by the 
presence of antagonistic compounds like fluoranthene. Additionally, Wölz et al. (2010) 
explained the EROD activity with more than 100% in fractions compared to crude extracts by 
the retention of humic substances in the fractionation procedure. They declared that 
previously antagonistically acting humic substances may be separated and agonist compounds 
can thereafter come forward, respectively. Moreover, due to the presence of highly complex 
mixtures of potentially toxic substances in water and sediment samples, possible synergistic 
and antagonistic effects of the substances should be taken into account (Smital et al. 2013). 
Detailed chemical analyses are needed to identify the unknown pollutants causing the high 
AhR-mediated activity. Additionally, further fractionation steps with subsequent biotesting 
should give more information of dioxin-like acting substances (Hollert et al. 2009b, Whyte et 
al. 2000). 
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 Conclusion 7.6.
The combination of fractionation methods to separate persistent, less-persistent and more 
polar compounds with chemical analysis and subsequently performed bioassays has been 
proven to be a suitable and effective tool for sediment assessment.  
The F2 of all three tested sediment samples showed the highest AhR inducing potential in the 
FE-EROD assay. Moreover, fraction 3 of the Vering canal also showed a high potential for 
AhR-mediated toxicity, followed by fraction 4 (Vering canal) with a moderate EROD-
activity. In the assessment of AhR-mediated processes, non-polar aliphatic compounds may 
be excluded, since they do not possess any AhR-inducing potential (Wölz et al. 2010). In the 
FET, fractions 2 to 4 of the Vering canal showed a strong embryotoxicity. No embryotoxic 
potential could be found in any fraction of the two Rhine River sediments. With respect to the 
large number of pollutants and their metabolites in complex environmental mixtures it is not 
surprising that the analysis of priority pollutants only is often not able to explain the observed 
ecotoxicological effects (Brack et al. 2007). Thus, the more polar and polar compounds 
should be investigated with greater emphasis in further environmental studies. 
It must be taken into account that fractionation procedures are a rather artificial system with 
great analytical power but with limited ecological relevance. However, bioassays alone often 
fail to detect and quantify main contaminants of environmental samples, causing the adverse 
effects in bioassays. Therefore, the combination of a fractionation procedure with subsequent 
bioassays is promising to identify the compounds that count. 
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  Discussion 8.1.
For a more reliable assessment of complex environmental samples in the present research 
study, vertebrate based bioassays have been developed to investigate the mechanistic toxicity 
of sediment-bound pollutants. These bioassays are based on the DIN EN ISO 15088 – Fish 
Embryo Toxicity (FET) test with the zebrafish (Danio rerio). Due to its international 
importance as an standardized and alternative test method (Braunbeck & Lammer 2005, 
Nagel 2002, Scholz et al. 2008, Strähle et al. 2012) as well as its suitability to detect particle-
bound substances (Bartzke et al. 2010, Hollert et al. 2003, Kosmehl et al. 2006, Rocha et al. 
2011) this test guideline was chosen as a basis. To evaluate the novel test systems, sediments 
from three sites - two from the Rhine River (Altrip and Ehrenbreitstein) and one from the 
Vering canal (Hamburg) - were selected, since these sampling sites are well characterized by 
a former research project (SeKT). A specific exposure scheme was designed to investigate the 
differences between the total and the bioavailable hazard potential of the sediments. Beside 
freeze drying organic whole sediment extraction and alumina-fractionation were conducted. 
For this purpose the FET (teratogenicity and embryotoxicity) and the sediment contact assay 
(SCA; teratogenicity and embryotoxicity), the FE-EROD assay (AhR-mediated activity) and a 
qPCR analysis (gene expression analysis) were developed, modified and improved and finally 
applied. 
 
8.1.1. Embryotoxic and teratogenic potential of the sediment samples 
 
Embryotoxicity of the sediment samples 
After exposure of zebrafish embryos to sediment extracts, freeze-dried samples and sediment 
fractionations the highest embryotoxic potential was always found in the sample of the Vering 
canal when compared to the Rhine River samples. The lowest LC50-value was reported for 
fraction 3 of the Vering canal´s alumina extract with 0.5 mg SEQ/mL after 96 hpf. The LC50-
values of the extract and the freeze-dried sample were 1.3 and 1.2 mg SEQ/mL, respectively 
(Table 8.1). Chemical analysis of the Vering canal extract showed a high sum concentration 
of the 16 EPA-PAHs of 1324 mg/Kg. Recent studies indicate that exposure to substances with 
a dioxin-like activity (e.g. PAHs, TCDD and other dioxin-like substances) can cause cardio 
toxicity in early-life stages of fish embryos (Barron et al. 2004, Handley-Goldstone et al. 
2005, Hofsteen et al. 2013, Olivares et al. 2013). The embryotoxicity of PAHs appears to 
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occur because of its sensitivity to planar polycyclic compounds, high accumulation, and 
limited biotransformation (Barron et al. 2004). Furthermore, exposure during early-life stages 
of fish can interfere with a multitude of developmental processes and lead to malformations 
(Barron et al. 2004, Bihanic et al. 2014, Incardona et al. 2004). Additionally to the EPA-
PAHs, high levels of NSO-HETs were found in the crude extract of the Vering canal with a 
sum concentration of 2308 µg/Kg. Additionally, NSO-HETs were found in the alumina-
fractions of the Vering canal. The highest sum concentration was found in fraction 2 
(∑ 2673 µg/Kg) followed by fraction 3 (∑ 551.4 µg/Kg) and fraction 4 (∑ 26 µg/Kg). These 
fractions showed a strong embryotoxicity with LC50-values ranging from 0.5 (F2) to 
3.1 mg SEQ/mL (F4) after 96 hpf (Table 8.1). As described in chapter 6 NSO-HETs are also 
able to induce embryotoxicity. This results indicate that the more polar and polar substances 
like NSO-HETs are contributing also to the overall embryotoxicity of the Vering canal. These 
adverse effects cannot exclusively be contributed to a PAH contamination. Moreover, also 
metabolites of the PAHs and the NSO-HETs might involve to the embryotoxicity of the 
samples. Additionally, other compounds like PCBs, dioxins, furans as well as herbicides and 
pesticides may be involved in the embryotoxicity of complex environmental samples 
(Incardona et al. 2004, King-Heiden et al. 2012, Wiegand et al. 2001). These contaminants 
may elicit additive or synergistic effects (Chou et al. 2014). Recent studies showed synergistic 
toxicity of mixtures of insecticides and herbicides (Evans & Nipper 2007, Pérez et al. 2013). 
Such interactions can be also postulated for other environmental contaminants (Pérez et al. 
2013). Thus, it is important to assess also the combined toxicity of multiple contaminants. 
The sediment extracts and freeze-dried samples of both Rhine River sediments (Altrip and 
Ehrenbreitstein) showed a moderate embryotoxic potential: the LC50-values of Altrip were 
16.4 mg SEQ/mL (extract) and 160 mg dw/mL (freeze-dried) and of Ehrenbreitstein 
19.5 mg SEQ/mL (extract) and 354.6 mg dw/mL (freeze-dried; Table 8.1). None of the four 
alumina-fractions of Altrip and Ehrenbreitstein showed any embryotoxic potential. These 
results were unexpected as we postulated a moderate embryotoxicity for fraction 2. This 
fraction contains PAHs and PCBs that were found for the crude extracts in sum 
concentrations of 4.8 mg/Kg (Altrip) and 6.9 mg/Kg (Ehrenbreitstein; Garcia-Käufer et al., 
unpublished) 16 EPA PAHs and 29 (Altrip) and 15 µg/Kg (Ehrenbreitstein) PCBs, 
respectively. Only minor amounts of NSO-HETs were found in Altrip and Ehrenbreitstein 
with sum concentrations of 9.3 and 3.7 µg/Kg, respectively. These results of the four alumina-
fractions in combination with the chemical analysis data indicate that mixture toxicity may 
play an important role (Kammann et al. 2005, Smital et al. 2013). This complex mixture of 
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contaminants may have synergistic effects (crude extract) on the embryotoxicity (Verrhiest et 
al. 2001), but also inhibitory effects must be taken into account (Dong et al. 2001). 
 
Table 8.1: Lethal concentration (LC50) recorded after 96 hpf of exposure to Danio rerio embryos to sediment 
extracts, freeze-dried sediment samples and four alumina-fractions of Altrip, Ehrenbreitstein and the Vering 
canal (n=3). 
 
Extract 
[mg SEQ/mL] 
Freeze-
dried 
[mg dw/mL] 
F1 F2 F3 F4 
Altrip 16.4 160 nd nd nd nd 
Ehrenbreitstein 19.4 354,6 nd nd nd nd 
Vering canal 1.3 1.2 nd 1 0.5 3.1 
nd = not detectable 
 
In summary, the three sediment samples showed a moderate (Altrip and Ehrenbreitstein) to 
strong (Vering canal) embryotoxicity (cf. Table 8.1). It has to be added that the observed 
embryotoxicity of the three sediment samples can also be caused by non-analyzed and non-
priority substance classes (Brack et al. 2007, Brack et al. 2005, Lei et al. 2014, Wölz et al. 
2011). A comprehensive chemical analysis is of major importance to identify these 
compounds which are contributing to the observed biological effects and to consider 
synergistic and antagonistic effects in complex environmental samples. For this purpose an 
bioassay-directed analysis represents a promising tool which can help to identify the active 
substance classes and their main contributors to the embryotoxicity of the three sediment 
samples. 
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Teratogenicity of the sediment samples 
After exposure of Danio rerio embryos to the different exposure scenarios of the three 
sediments, extracted and freeze-dried samples revealed the same teratogenic effects: general 
retardation of the embryo, pericardial and yolk sac edemas, no eye and skin pigmentation as 
well as a reduced heartbeat and blood circulation. Moreover, a reduced hatching rate was 
observed for the samples of Altrip and the Vering canal. As described in chapter 7 only in the 
fraction 2 of the Vering canal same effects were observed as for the crude extracts and the 
freeze-dried sample. Exposure to the fraction 4 of the Rhine River sediments caused 
deformation of the spine as well as yolk sac and heart edemas. 
As mentioned before some PAHs, PCBs and dioxins are well known to cause various 
developmental toxicities, including cardiac deformities (Hofsteen et al. 2013, Kammann et al. 
2004, Van Tiem & Di Giulio 2011), as well as spinal curvature (Mu et al. 2014, Wolińska et 
al. 2011).  
The chemical analysis of the Rhine River and the Vering canal sediments showed a moderate 
and a very high load with PAH, respectively. Therefore, it can be assumed that PAHs are 
contributing to the teratogenic effects in the sediment samples. This assumption is supported 
by the results of the fraction 2 of the Vering canal containing PAHs where the same 
teratogenic effects were found as in the extract. PCBs are likely an additional factor 
responsible for the observed teratogenic effects. These compounds are well known to cause 
lethal and sub-lethal effects in zebrafish embryos including an impact on the hatching rate, a 
lowered heartbeat frequency and increased edema rate (Strmac et al. 2002). In Altrip and 
Ehrenbreitstein extracts PCBs were found in sum concentrations of 29 and 15 µg/Kg, 
respectively. The Vering canal data are not available yet. However, former investigation 
showed high PCB-concentrations in this sediment (Feiler et al. 2009) and in fishes of the 
Vering canal (Götz et al. 1998). Thus, a high concentration of PCBs can be expected in the 
recent sample used in this study. Moreover, not only PAHs and PCBs are able to induce the 
described teratogenic effects. All the described effects were also reported for dioxin-like 
compounds exposed fish embryos (Carney et al. 2006, Goldstone & Stegeman 2006). 
Interestingly, both fractions 2 of the Rhine sediments showed none of the teratogenic effects, 
whereas the extracts of the Altrip and Ehrenbreitstein showed all of the described teratogenic 
effects. Therefore, mixture effects must be taken into account. Only the fraction 4 showed 
deformation of the spine as well as yolk sac and heart edemas. Hence, other substance classes 
than PAHs and PCBs may contribute to the teratogenicity of the fraction 4. Herbicides and 
pesticides but also NSO-HETs are expected to be in the more polar (F3) and polar (F4) 
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fractions (Brack et al. 2005). However, for the NSO-HETs with a sum concentration of 9.3 
and 3.7, respectively, found in the sediment samples none of the described teratogenic effects 
could be observed.  
As described in section 8.1.1, a more detailed chemical analysis could give more information 
about the substances or substances classes responsible for the effects in embryos of zebrafish. 
Additionally, further fractionation procedures with subsequent biotesting are required to gain 
more insight about the source of teratogenic and embryotoxic effects. 
 
AhR-mediated teratogenicity 
As described before the teratogenic effects may have been induced by PAHs, PCBs and/or 
dioxins. It is also well known that TCDD, PAHs as well as other dioxin-like substances 
activate the AhR and by this express a battery of genes including cyp1a (Nebert et al. 2002, 
King-Heiden et al. 2012). Previous studies revealed that Ah 2 activation by TCCD and β-NF 
caused malformation of certain blood vessels and reduced regional blood flow in the dorsal 
midbrain of zebrafish embryos (Dong et al. 2004, Kubota et al. 2011, Teraoka et al. 2010). 
Additionally, exposure to TCDD causes cardiovascular toxicity such as edema of yolk sac and 
heart and circulation failure, craniofacial deformities and growth retardation resulting in 
mortality (Henry et al. 1997, Teraoka et al. 2010, Xiong et al. 2008). Among these sites of 
action, the cardiovascular system is one of the most characterized and important target of 
developmental toxicity caused by TCDD and PAHs in various fish species (Cantrell et al. 
1996, Cantrell et al. 1998, Guiney et al. 1997, Walker & Peterson 1994, Wassenberg & Di 
Giulio 2004). Exposure of several fish species to TCDD showed also adverse effects of the 
skeletal development and body growth (Carvalho & Tillitt 2004, Cook et al. 2003, King-
Heiden et al. 2012, Teraoka et al. 2002). This demonstrated that the skeleton is another target 
of TCDD toxicity. As referenced before, all these teratogenic effects were observed in Danio 
rerio embryos after exposure to different samples types of the three sediments. 
Additionally, it is important to note that the observed teratogenic effects in the four alumina-
fractions of the sediment samples correlated with EROD activity (F2 to F4 of the Vering 
canal). Therefore, we assume that the observed teratogenic effects of the sediment samples of 
Altrip, Ehrenbreitstein and the Vering canal were mediated through the AhR. 
Zebrafish have three characterized AhR-receptors: AhR1A, AhR1B and AhR2 (Karchner et 
al. 2005, Tanguay et al. 1999). Knockdown studies with morpholino antisense 
oligonucleotides (MOS) indicate that developmental toxicity such as pericardial edema, 
reduced peripheral blood flow as well as a reduced heartbeat are mediated by the AhR2 
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(Prasch et al. 2003, Teraoka et al. 2003b, Teraoka et al. 2010). Studies on zebrafish embryos 
treated with MOS against CYP1A translocation showed conflicting results regarding the role 
of CYP1A in AhR-mediated developmental toxicity (Antkiewicz et al. 2006, Carney et al. 
2004, Kubota et al. 2011, Teraoka et al. 2003a). Therefore, several CYP1 genes may 
participate in AhR-mediated toxicity of TCDD. A few years ago a novel CYP1 subfamily, the 
CYP1Cs, was discovered and in zebrafish cyp1c1 and cyp1c2 genes were characterized 
(Godard et al. 2005, Jönsson et al. 2007b). Kubota et al. (2011) stated that both cyp1cs appear 
to play a role in the decrease of midbrain blood-flow after TCDD exposure. A gene-
knockdown of cyp1c1 and cyp1c2 was able to prevent the reduction of blood flow in zebrafish 
larvae caused by TCDD (Kubota et al. 2011). The two zebrafish AhR-isoforms, AhR1A and 
AhR1B, may least partially controlled one of the CYP genes. Incardona et al. (2006) stated 
that AhR1A might be involved in CYP1A induction through some PAHs in zebrafish larvae. 
However, King -Heiden et al. (2012) described that AhR1A cannot bind TCDD. This receptor 
appears to be non-functional as a mediator of transcription. These inconsistent results 
document the actual research needs to investigate the role of the different CYP1 genes and 
AhR-isoforms in developmental toxicology. Former studies exclusively attributed the 
catalytic activity of CYP1 protein in fish to CYP1A (Whyte et al. 2000). Yet, the detection of 
other CYP1 isoforms leads to the assumption that measured CYP1 activity can not solely be 
attributed to CYP1A, but rather also to other CYP1 isoforms (Goldstone et al. 2009). 
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8.1.2. AhR-mediated toxicity in Danio rerio embryos 
To date, the embryonic gene and protein expression and signaling is not completely 
understood in early-life stages in zebrafish. Knowing the full complement of cytochrome 
P450-genes, their expression and activity is essential for understanding their role in 
metabolism of toxic substances and embryonic development itself. Therefore, the basic 
molecular and physiological fundamentals of different endpoints were investigated and 
clarified if and when particle-bound pollutants can be measured in embryos. An important 
basis for this was the investigation of the time-dependent activation of biotransformation 
systems in Danio rerio embryos. Therefore, the objective of this part of the study was to 
investigate the temporal pattern of gene expression and enzyme activity of the CYP1 
monooxygenases at five designated times of development in the zebrafish embryos: 0-48, 0-
72, 0-96, 0-120 and 72-96 hpf. 
 
Basal and induced EROD activity in zebrafish embryos 
Basal and induced EROD activity was measured in embryos of the zebrafish at different time 
points during early development using the newly developed FE-EROD. It was shown, that the 
basal EROD activity increases during normal embryonic development. Endogenous 
physiological functions of CYP1’s are known for mammals (Nebert & Dalton 2006) and are 
assumed also for zebrafish (Jönsson et al. 2007a), explaining the basal activity of the enzyme. 
Exposure to β-NF and to all sediment samples lead to a significant induction of EROD 
activity. The overall highest activity was found after a short exposure of 24 h (72 to 96 hpf) in 
all exposure scenarios of the Vering canal.  
As mentioned before in the crude extract of the Vering canal high concentrations of the 16 
EPA-PAHs ( 1324 mg/Kg) were found. PAHs and related compounds containing in fraction 
2 have been identified as major AhR-agonists in sediment samples (Grung et al. 2011, 
Lübcke-von Varel et al. 2011). However, the freeze-dried sample of the Vering canal showed 
a higher EROD activity as the crude extract. Therefore, we assume that more polar and 
thereby bioavailable substances were contributing to the determined EROD activity. Several 
studies documented that more polar compounds like NSO-HETs, amines and several 
pesticides are well known to act as AhR-agonists. (Dong et al. 2009, Hinger et al. 2011, Wölz 
et al. 2011). These findings are in agreement with the results of the alumina-fractions. The 
fraction 3 and 4 showed a comparable high EROD activity (0.14 and 0.12 pmol(mg*min)) in 
the sample of the Vering canal and these fractions contains the more polar and polar substance 
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classes (Brack et al. 2007, Brack & Schirmer 2003, Brack et al. 2005). Therefore, for a 
comprehensive hazard assessment not only EPA-PAHs should be addressed. Thus, NSO-
HETs came into our research focus as these compounds can also induce EROD (Hinger et al. 
2011). High sum concentrations of NSO-HETs were found in the Vering canal extract ( 
2308 µg/Kg). Brack and Schirmer (2003) showed that non-priority pollutants including NSO-
HETs exceed the potency of the PAH benzo[a]pyrene, which is a strong EROD inducer, by 
one or two magnitudes. The freeze-dried sediment samples from Altrip and Ehrenbreitstein 
showed no significant EROD activity compared to the both extracts. The extracts showed a 
moderate EROD induction of 0.071 (Altrip) and 0.069 pmol/(mg*min) (Ehrenbreitstein). 
Therefore, it seems to be that the AhR-mediated compounds of these sediments are less 
available at least via direct contact (cf. section 8.1.5). For Altrip and Ehrenbreitstein extracts 
moderate levels of EPA-PAHs were found in sum concentrations of 4.8 and 6.9 mg/Kg, 
respectively. Only minor amounts of NSO-HETs were found in both Rhine sediment extracts 
with sum concentrations of 9.3 (Altrip) and 3.7 µg/Kg (Ehrenbreitstein). Additionally, PCBs 
were found in both samples (Altrip: ∑ 29 µg/Kg;  hrenbreitstein: ∑ 15 µg/Kg). PCBs are 
known to be ligands of the AhR-receptor and act as EROD inducers. Therefore, the PCBs 
found in the two Rhine River extracts may be involved in the EROD induction of the extracts. 
To sum up, the moderate EROD activity may cause by non-polar substances like PAHs and 
PCBs. These results are confirmed by testing alumina-fractions of both Rhine sediments. 
Only fraction 2 showed an EROD activity containing these non-polar substance classes. 
Interestingly, AhR-mediated activity caused by the crude extracts of the Vering canal and 
Altrip was significantly lower than in the related fractions 2 to 4 of the Vering canal. These 
results are in agreement with a study by Brack and co-workers (2005) who found also higher 
activity in a fraction of sediments from the Neckar River than in its crude extract (130% of the 
crude extract). In the Vering canal extract high levels of the both AhR-inhibitors fluoranthene 
and phenanthrene were found with concentrations of 208 and 218 mg/Kg, respectively. 
Therefore, we assume that the EROD activity of the crude extract might be suppressed by the 
presence of such antagonistic compounds. Moreover, due to the presence of mixtures of 
potentially toxic compounds in complex environmental samples like sediments, possible 
synergistic and antagonistic effects of substances should be taken into account (Smital et al. 
2013).  
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Suitability of the newly developed FE-EROD assay  
The FE-EROD assay has been used for the evaluation of different exposure scenarios 
(extracts and freeze-dried samples and fractions) and especially to determine the bioavailable 
substances of native (freeze-dried) sediment samples. In this section, the test system will be 
evaluated and the advantages as well as disadvantages will be discussed. 
An obvious advantage is that embryos are by legislation not considered as animals (EC, 1986, 
DIN 2009) and, thus, the FE-EROD assay can be considered as an alternative to animal 
testing (Lammer et al. 2009a). Moreover, testing with fish embryos is more cost efficient than 
with adult fish, due to technical advantages (Lammer et al. 2009a). It is also important to 
mention that early-life stages of zebrafish are more sensitive than the adult animals (Lange et 
al. 1995). Therefore, it is very important to investigate effects on early-life stages.  
The results of the study clearly document the suitability of an EROD assay on the basis of 
zebrafish embryos. Especially the exposure to whole sediments represents a realistic scenario 
to simulate in situ conditions (Chapman & Hollert 2006, Feiler et al. 2009, Feiler et al. 2013). 
The novel contact assay can estimate the hazard potential of only those compounds that are 
bioavailable under aqueous filed conditions. Furthermore, this testsystem can also be applied 
to single substances as well as extracts. Additionally, it was shown that the new testsystem is 
also suitable for the application in a bioassay-directed fractionation. 
In an additional site experiment the suitability of TCDD as a positive control was evaluated 
(data not shown). The purpose of this investigation was to directly correlate the EROD 
activity of sediment samples to the EROD activity of TCDD in zebrafish and, by this, to be 
able to calculate Bio-TEQs (TEQ = Toxic equivalent quantity). However, no significant 
EROD induction could be observed after exposure of zebrafish embryos to TCDD. Figure 8.1 
shows the maximal EROD induction of TCDD in RTL-W1 cells compared to the maximal 
induction in Danio rerio embryos. The median maximal induction in RTL-W1 cell lines 
shows a 31-fold higher induction of EROD activity compared to Danio rerio embryos. 
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Figure 8.1: Comparison of the negative and positive control induction of RTL-W1 cell lines and Danio rerio 
embryos. For the positive control embryos were exposed to TCDD in the EROD assay and for the negative 
control to water only. Data are presented as box and whisker plots, including 5 and 95% percentiles (boxes) as 
well as standard error (whiskers). Central lines in the boxes represent the median. 
 
King-Heiden and coworker (2012) stated that zebrafish are less sensitive to TCDD induction 
in its early-life stages than other fish species. Additionally, studies conducted by Wölfle 
(2006) suggest that TCDD harms Danio rerio embryos, especially after hatch. Wölfle (2006) 
derived an EC50 of 0.87 nmol/L for TCDD in 120 hpf old Danio rerio embryos after a short-
term exposure of 24 h. These findings and the results from the own investigations strongly 
point towards the impermeability of the chorion for TCDD. Although an uptake into the 
organism is expected due to its lipophilic character. A study conducted by Braunbeck et al. 
(2005) suggests that the barrier function of the chorion may increase with log Kow of 
chemicals. Moreover, the primary target of TCDD in fish embryos is the cardiovascular 
system (King-Heiden et al. 2012). In zebrafish embryos this system is sufficiently developed 
after 60 hpf. This developmental stage correlates also with the time of hatching (Westerfield 
2007). Hence, these findings may explain a slight increase in the EROD induction after 
hatching. However, no significant   OD induction could be observed. Therefore, we used β-
NF as a positive control as this substance is known as a strong EROD inducer (Troxel et al. 
1997, Weber et al. 2002). The   OD induction of β-NF was significant with 
0.06 pmol/(mg*min) but lower than the induction of all three sediment samples (between 0.07 
and 1.3 pmol/(mg*min)) at the exposure-time of 72 to 96 hpf. Hence, also β-NF don't serve as 
a suitable positive control for the FE-EROD assay. Further investigations, should try to 
investigate other candidates used as a positive control.  
Figure 8.1 shows the EROD induction in the negative controls of RTL-W1 cell line in 
comparison to the negative controls using Danio rerio embryos. Data were kindly provided 
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by Keiter et al (2009). The median EROD induction in RTL-W1 cell lines is 7-fold higher 
than the median EROD induction in Danio rerio embryos and statistical analysis showed a 
significant difference (Mann-Whitney Rank Sum Test, p < 0.001) between the inductions. The 
coefficient of variance of the negative control data of the FE-EROD assay is 25% (n=30) and 
compared to the RTL-W1 EROD with a variance of 35% (n=59, Keiter et al. 2009) it is lower. 
However, the maximal EROD induction in the FE-EROD assay is lower compared to RTL-
W1 EROD assay. The overall highest induction in this study was 1.3 pmol(mg*min) after 
exposure to fraction 2 of the Vering canal. For RTL-W1 cells exposed to TCCD the value is 
approximately 10 pmol(mg*min). Therefore, the capacity for EROD induction might be 
comparable for this two bioassays. However, to reach a better assessment of the sensitivity of 
the FE EROD assay, further comparisons are required testing the same sediments. However, 
differences can be expected, as the FE-EROD assay investigates the whole organism while 
the cell culture based EROD assay uses fibroblasts isolated from the liver of the rainbow trout 
in which a higher enzymatic activity is expected (Behrens et al. 2001). 
In conclusion, the newly developed bioassay is suitable for the investigation of complex 
environmental samples as well as for monosubstances. The FE-EROD was also useful for the 
application in bioassay-directed fractionations. The variability of the negative control is 
comparable to already established bioassays. However, a suitable positive control is still 
missing and has to be elucidated in further experiments. Additionally, sediment extracts of the 
three samples should be tested using the RTL-W1 EROD assay in order to compare both 
bioassays and to get further insights about the sensitivity of the FE-EROD assay. 
Nevertheless, the main advantage of this test system is that we are now able to measure the 
bioavailable AhR-mediated activity of sediments. 
 
8.1.3. Expression of CYP1 genes and ahr2 in zebrafish embryos 
Adult zebrafish as well as embryonic stages have been successfully used in transcriptome 
studies of single and mixed effect to identify fingerprint like expression pattern or even 
pathway of toxicant interaction (Bui et al. 2012, Hawliczek et al. 2012, Hermsen et al. 2012, 
Lyche et al. 2010, van der Ven et al. 2005). For the identification of the gene expression 
profiles in zebrafish embryos after exposure to sediment extracts a microarray approach was 
conducted by the cooperation partners at the Karlsruhe Institute of Technology (KIT, 
Germany). The microarray analysis was carried out for the three sediments in order to identify 
genes which are differently expressed under exposure conditions compared to the controls 
(solvent or water only). The aim was to identify genes which can serve as marker for exposure 
Chapter 8 – Discussion 
143 
of zebrafish embryos to sediment extracts and to identify sediment borne pollution. The 
findings elucidated 20 genes that were assigned to different functional groups as cell cycle 
and proliferation, phase I detoxification, antioxidant defense system and phase II metabolism, 
developmental regulators, general stress response, and immune response (Otte et al., 
unpublished). The genes regulated after exposure to sediment borne pollution in this study 
were members of the cytochrome P450 family, namely cyp1a, cyp1b1, cyp1c1 and cyp1c2. As 
mentioned before all these CYP1 genes are targets of the AhR2 which mediates the dioxin-
like developmental toxicity in zebrafish (Lanham et al. 2011, Prasch et al. 2003). The 
cytochrome P450 complex is part of the phase I detoxification system and is a well-
established biomarker (Jönsson et al. 2010) for exposure to PAHs (Barron et al. 2004, Billiard 
et al. 2008), PCBs (Koh et al. 2004), dioxins such as TCDD (Jönsson et al. 2007a), 
polychlorinated naphtalenes (PCNs, Kannan et al. 1998) and furans (Olsman et al. 2007). 
 
Basal and induced expression of CYP1 and the ahr2 genes in zebrafish embryos 
The basal expression of CYP1 genes reaches a maximum for each gene at different time-
points. This points towards the fact that the four genes may play physical roles at different 
times during development (Jönsson et al. 2007b). As mentioned in chapter 5 the basal 
expression of cyp1c1 and cyp1c2 were higher than for cyp1a and cyp1b1 at all investigated 
time-points. Low constitutive levels of cyp1a, as found in this study, were also reported by 
Andreasen et al. (2002b) and Jönsson et al. (2007a). Generally, little is known about the role 
of cyp1s in the early development of vertebrates. This basal expression of different CYP1 
transcripts in early-life stages suggests that their presence not only be associated with 
detoxification, but also play a role in normal development. Recent studies showed that cyp1b1 
is associated with the development of the eye and the renal dysfunction (Choudhary et al. 
2009, Jennings et al. 2012, Su et al. 2012), whereas cyp1a mRNA were negative for the eye 
(Andreasen et al. 2002b). Therefore, catalytic activity of CYP1s in the developing eye can be 
attributed to CYP1B1 (Choudhary et al. 2006), but the activity of other CYPs cannot fully 
been ruled out (Otte et al. 2010). 
Constant basal levels of ahr2 were detected at all points investigated, this ,however, is not in 
accordance with findings reported by Tanguay et al. (1999), who reported that in northern blot 
analyses ahr2 gene expression increased with further development of the embryo. 
Transcript levels of CYP1 genes were significantly induced in zebrafish embryos after 
exposure to β-NF up to 150-fold (for cyp1a after 48 hpf). The three other CYP genes 
investigated also showed significant induction at this time-point (15 and 20-fold). Based on 
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the results of the EROD assay the changes in gene expression of the freeze-dried sediment 
samples were exclusively investigated at the exposure window of 72 to 96 hpf. Exposure to 
the freeze-dried sediment samples from Altrip, Ehrenbreitstein and the Vering canal revealed 
similar gene expression pattern after 72 to 96 hpf as the β-NF induced embryos after 96 hpf. 
The highest inductions were found for cyp1a followed by cyp1b1, cyp1c1 and cyp1c2. 
Embryos exposed to the freeze-dried sample of the Vering canal showed the highest up-
regulation of 62-fold for cyp1a. However, highest transcript abundance was found after 
exposure to Vering canal sediment fraction 2 (380-fold). The induction can be explained by 
very high levels of potential AhR-agonists in the sediment extract (e.g. Σ 16 EPA-PAHs = 
1324 mg/kg). After fractionation of the extract it is assumed that these compounds are in the 
fraction 2 containing non-polar, aromatic compounds (Brack et al. 2005). This fraction was 
used for the exposure in this study. Thus, the embryos were exposed to a high concentration 
and a diverse mixture of AhR-agonists, which might lead to additive effects. The exposure to 
the freeze-dried samples revealed a low up-regulation of cyp1a. This can be explained 
through the fact that due to the fractionation procedure non-polar substances were made 
available by using an organic solvent. Under natural conditions these substance would be 
bound to suspended matter of the sediment samples and would be not available. 
These findings strongly reflect the inducibility of CYP1’s by Ah -agonists. Another aspect is 
that zebrafish have also two other AhR-isoforms (AhR1A and AhR1B). Recent literature 
suggests that the four genes may be at least partially controlled by one or both of these 
isoforms (Van Tiem & Di Giulio 2011). Furthermore, the role of zebrafish ahr1a and ahr1b in 
the toxicity of PAHs is still unknown. 
 
8.1.4. Link between AhR-mediated activity and gene expression 
As described in chapter 5 CYP1A and CYP1B1 oxidize and activate PAHs in mammals 
(Shimada & Fujii-Kuriyama 2004) and EROD activity (Chang & Waxman 2006). However, 
CYP1B1´s EROD catalytic activity is less than CYP1A1´s (Shimada et al. 1997). 
Contributions of the single CYP1 enzymes to EROD activity vary among species (Jönsson et 
al. 2009a). Substrates for the CYP1C enzymes in zebrafish have not been identified yet, but it 
is very likely that they are also involved in the xenobiotic metabolism (Goldstone et al. 2009, 
Goldstone et al. 2010). To date the embryonic gene and protein expression and signaling is 
not completely understood in zebrafish and recent studies showed inconsistent results. In the 
present study basal EROD activity measured was quite low, as was transcript abundance of 
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cyp1a. However, the transcript abundance of the cyp1c’s was higher. Therefore, it is possible, 
that in basal conditions EROD activity could in part be attributed to the CYP1Cs. 
After exposure to AhR-agonists the first significantly induced EROD activity in comparison 
to basal EROD activity was at the time point of 96 hpf. This result was also found for all 
sediment samples that contained AhR-agonists. Cyp1a transcripts were induced strongest at 
48 hpf, at 96 and 120 hpf. Cyp1b1 was similarly expressed. This leads to the conclusion that 
the measured EROD activity at 96, 120 and the exposure window of 72 to 96 hpf might be 
primarily related to the activity of CYP1A and to a lesser extent to CYP1B1. These results are 
in accordance with findings by Mattingly and Toscano (2001) who found cyp1a mRNA but 
no CYP1A protein or EROD activity in zebrafish embryos at 72 hpf. They showed also 
increasing CYP1 activity towards hatching. A reason that might account for the peak about 
the fourth day of development is the increased embryonic capability of gas exchange to 
increasingly more efficient gills and circulatory enzymatic activity (Ensenbach & Nagel 1995, 
Kammann et al. 2004, Otte et al. 2010). Mattingly and Toscano (2001) proposed a possible 
posttranscriptional silencing of EROD translation as a reason for undetectable EROD activity 
until the onset of hatch. Posttranslational silencing during embryogenesis might serve to 
reduce disturbance of endogenous processes, such as inappropriate metabolism of endogenous 
signaling molecules (Omiecinski et al. 1999). Silencing of the enzyme is therefore a likely 
explanation, especially since in adult zebrafish intraperitoneal injection of β-NF lead to 
increased CYP1A protein and also EROD activity already 24 hours after injection (Troxel et 
al. 1997). To put the early significant induction of EROD activity into perspective, it must be 
considered that the exposure to strong inducers or several inducers at once may cause the 
organism to neglect endogenous processes and rather produce active enzymes for 
detoxification. 
 
8.1.5. Bioavailability vs total hazard potential 
As described in chapter 3 and chapter 4 the three samples were tested in the FET (sediment 
extracts) and the SCA (freeze-dried sediment samples). Subsequently, sediment extracts and 
freeze-dried sediment samples were investigates using the FE-EROD (Schiwy et al. 2014, 
submitted). For organic extracts and freeze dried sediments from the Vering canal sample it 
has been demonstrated that the LC50-values are comparable (1.3 mg SEQ/mL (extract) and 
1.2 mg dw/mL (freeze-dried)). Moreover, the AhR-mediated toxicity caused by the 
bioavailable fraction (0.13 pmol/(mg*min)) was even higher than for the crude extract 
(0.08 pmol/(mg*min)) after 72-96 hpf. This suggests that bioavailable chemicals contribute to 
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the AhR-mediated toxicity and embryotoxicity of the freeze-dried sediment sample from the 
Vering canal. Furthermore, these results clearly show that there is a significant uptake of 
embryotoxic compounds directly from the freeze-dried sediment. These results are in 
accordance with findings of Ulrich and co-workers (2002). They showed that the higher toxic 
potential of native sediments compared to organic extracts is depending on the persistence and 
hydrophobicity of the toxic compounds. In the extract of the Vering canal comparable high 
concentrations of NSO-HETs were found ( 2308 µg/Kg). In comparison to PAHs 
( 1324 mg/Kg) this substance class has a higher polarity due to the substitution of a carbon 
atom by nitrogen, sulfur or oxygen (Meyer & Steinhart 2000). Thus, these chemical properties 
lead to an increased bioavailability and mobility (Hinger et al. 2011). The aspect of the 
bioavailable toxicity was confirmed by fractionation of the sediment samples with four 
alumina fractions. The more polar and polar fractions of the Vering canal showed a high 
EROD activity. The EROD induction of the more polar fraction 3, containing NSO-HETs, 
was comparable to the EROD result of fraction 2 containing PAH. Therefore, we assume that 
the high embryotoxic and AhR-mediated potential of the freeze-dried sediment from the 
Vering canal is due to the NSO-HETs and other polar and bioavailable substances. 
In contrast, the results of the sediment extracts and freeze-dried sediment of the Rhine River 
samples are inconsistent. The freeze-dried samples from Ehrenbreitstein and Altrip showed 
moderate LC50-values of 354.6 and 160 mg dw/mL after 96 hpf, respectively. The toxic 
potential of the organic extracts from the two Rhine River sediments showed LC50- values of 
16.4 (Altrip) and 19.5 mg SEQ/mL (Ehrenbreitstein). Additionally, both freeze-dried Rhine 
sediment samples showed not any EROD-activity. Hence, for these samples the organic 
extracts are overestimating the toxic potential of sediments (Ronnpagel et al. 1995, Ulrich et 
al. 2002), while native sediment samples may underestimate the toxicological burden. 
Whereas primarily polar compounds are bioavailable to the fish embryos during the whole 
sediment exposure, the extracts can be expected to consist of non-polar substances at elevated 
concentrations. These non-polar compounds are sediment-bound and not bioavailable during 
exposure to freeze-dried sediments. The sum concentration of the polar NSO-HETs in the 
extracts of the two Rhine River sediments was comparable low (9.3 µg/Kg in Altrip and 
3.7 µg/Kg in Ehrenbreitstein). Therefore, it might be that the contamination found in the two 
extracts consists mostly of primary pollutants like PAHs, PCBs and dioxins. As mentioned in 
section 8.1.1, these results are confirmed by the alumina-fractions of both sediment samples. 
Only the non-polar fraction 2 showed a significant EROD activity in both samples. The 
chemical analysis of the sediments showed that the sample from Altrip contains a total sum of 
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4.8 mg/Kg of PAHs and the sediment of Ehrenbreitstein 6.9 mg/Kg (Garcia-Käufer et al., 
unpublished; Table 4.3Table 4.3). PCBs are found in a concentration of 29 µg/Kg (Altrip) and 
15 mg/Kg (Ehrenbreitstein). As long as such pollutants are adsorbed to the sediment, they are 
not available to pelagic organisms, but can experimentally be made available with extraction 
methods for assessment purposes (Kosmehl et al. 2008). Since almost all pollutants of a given 
sample are extracted, exposure to sediment extracts is considered to represent a worst-case 
scenario. However, even adsorbed pollutants can pose a threat to aquatic organisms if 
remobilized to the water phase via bioturbation or flood events (Hollert et al. 2000a). 
In conclusion, it is very much depending on the persistence and hydrophobicity of toxic 
compounds which exposure scenario leads to higher toxicity (Ulrich et al. 2002). Therefore, a 
combined approach is recommended to determine the overall and the bioavailable hazard 
potential. It should be considered that the freeze-drying process alters the geochemistry of 
sediments and consequently its toxicity. On the one hand it can lead to a decrease of 
bioavailable contaminants, as shown for DDT and Endrin (Schuytema et al. 1989) and on the 
other hand it can increase the bioavailability of PAHs (Geffard et al. 2004). Zielke et al. 
(2011a) demonstrated the relevance of time-dependence for the interpretation of results 
obtained in sediment contact assays. Effects which were recorded after an initial 
contamination of the sediment may be changed or even get completely lost within several 
weeks to a few months of storage. Therefore, in the present project it has been decided to 
freeze-dry the sediment samples to get stabile conditions over time. 
Additionally, these results together with the data of the chemical analysis clearly indicated 
that priority pollutants alone often cannot explain the detected effects caused by 
environmental samples (Brack et al. 2007, Brack et al. 2005, Wölz et al. 2010, Wölz et al. 
2011). The authors suggest that a hazard and risk assessment of complex environmental 
samples has to identify and consider also non-priority pollutants rather than focus exclusively 
on priority pollutants. Previously published studies concerning sediment samples showed that 
priority pollutants were responsible for less than 1% of the EROD activity, whereas non-
priority pollutants like NSO-HETs or non-priority PAHs induced most of the observed 
activity (Hecker & Giesy 2011, Hinger et al. 2011). In Chapter 6, the moderate to strong 
embryotoxicity of NSO-HETs were demonstrated, while the ECOSAR model failed to predict 
the toxicity of most of the NSO-HETs. The embryos are more sensitive to the evaluated 
heterocyclic compounds compared to the predicted LC50-values by the ECOSAR model. 
Moreover, for the NSO-HETs a range of mechanism-specific effects could be observed 
including genotoxicity and mutagenicity (Brinkmann et al. 2014a), estrogenic activity 
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(Brinkmann et al. 2014b), AhR-mediated activity (Hinger et al. 2011) or retinoid receptor 
mediated effects (Beníšek et al. 2011). In most of these assays the NSO-HETs caused similar 
or even higher toxicity than the PAHs. NSO-HETs have frequently been detected in aquatic 
environments with total concentrations ranging from 1 to 100 mg/L measured in waste waters 
from industrial coking plants (Gissel-Nielsen & Nielson 1996, Southworth et al. 1978). In the 
sample from the Vering canal 2.3 mg/Kg were found. These findings indicate a high 
ecotoxicological potential of the NSO-HETs towards aquatic organism and show clearly their 
relevance of evaluating also non-priority pollutants. 
As seen in this part of the project bioassay-directed fractionation is a promising tool to 
identify non-priority pollutants which cause the observed effects (Brack et al. 2007, Hecker & 
Giesy 2011, Sundberg et al. 2005). Additionally, the fractionation procedure enabled the 
confirmation of the results of extracts and freeze-dried samples and served more information 
of the different fractions which caused the embryotoxicity and AhR-mediated activity. Further 
fractionation steps could serve more information about the active substances and substance 
classes. 
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 Conclusion and recommendation 8.2.
Many European river systems are still far away from achieving a good ecological and 
chemical status, as required by the EWFD in 2015 (EWFD 2000/60/EC, Wolfram et al. 2012). 
These water bodies are subjected to a mixture of different contaminants (including heavy 
metals, pesticides and industrial chemicals; (Ormerod et al. 2010). Some of these compounds 
are constantly introduced into the water body and have been accumulated or are accumulating 
in the sediments (Tuikka et al. 2011). Moreover, extreme environmental conditions (e.g. flood 
events) may release sediment-bound contaminants and, thus, they become available again and 
pose a threat to aquatic organisms (Brils 2008). Therefore, sediment contaminations must be 
regarded as a serious obstacle in achieving the goals of the EWFD (de Deckere et al. 2011, de 
Zwart et al. 2009). 
Article 2 of the EWFD daughter directive (EC 2008) was implemented and requires from the 
member states that the concentration of 33 priority pollutants (Parts A and B of Annex I) 
should not increase above levels given by the environmental quality standards (EQS). These 
EQS are defined in the regulation for sediments and biota (EC 2012, Coquery et al. 2005, 
Lepom et al. 2009; Table 1.1). According to the EWFD, a good ecological status of water 
bodies is achieved when the concentration of the priority substances in water, sediment or 
biota are below the EQS. 
In the past sediment evaluation was conducted through chemical-analytic methods (Brack 
2003); however, sediment as sinks can contain a mixture of potentially toxic compounds. 
Therefore, it is important to conduct bioassays in combination with chemical analysis. 
Exposure of organisms to contaminated whole sediments directly integrates all factors that are 
relevant: These factors include the test species, compound characteristics, sediment properties 
and environmental factors. All these factors are integrated and translated into biological 
effects (e.g. Blaha et al. 2010, Feiler et al. 2009, Höss et al. 2010, Zielke et al. 2011b). Thus, 
direct sediment exposure incorporates the actual bioavailability of pollutants and simulates in 
situ exposure conditions (Chapman & Hollert 2006, Feiler et al. 2005, Heise & Ahlf 2005, 
Hollert et al. 2003). The aim of the present study was the development of a vertebrate-based 
test system for the investigation of the bioavailable AhR-mediated toxicity of contaminated 
sediments using zebrafish embryos. This study provides a comprehensive analysis of the time-
depended development and fluctuation of basal and induced CYP1 gene expression and 
enzyme activity in early-life stages of Danio rerio embryos. Additionally, teratogenic and 
embryotoxic effects of the sediment-bound pollutants on zebrafish embryos were investigated. 
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The embryos were exposed to different exposure scenarios of three sediment samples (freeze-
dried sample, extracts and alumina-fractions) in different embryo-based test systems (FET, 
SCA, FE-EROD assay, qPCR). In all these different exposure scenarios, the study clearly 
documented the suitability of the newly developed FE-EROD assay on the basis of zebrafish 
embryos. All sediment samples showed the same degree of burden throughout all applied 
bioassays. The sediment sample of the Vering canal showed the overall highest toxic potential 
in the FET, SCA, FE-EROD assay and the qPCR, followed by Altrip and Ehrenbreitstein. 
Additionally, it has been shown that the FE-EROD is useful for the application of bioassay-
directed fractionation to determine which contaminants are responsible for the AhR-mediated 
toxicity. As a result, the combination of the FE-EROD assay with the exposure of intact fish 
embryos to native sediment samples provides an ecologically highly relevant and realistic 
exposure scenario. As a standout feature this bioassay takes the bioavailability of the 
sediment-bound contaminants into account. However, it is important to test further chemicals 
like benzo[a]pyren or PCB126 in order to find a suitable positive control for the FE-EROD to 
calculate TEQ-values. With this information it would be easier to assess and standardize the 
toxicity of complex environmental samples using the FE-EROD. 
As mentioned before, the FE-EROD assay was successfully used in a bioassay-directed 
fractionation. This methodology uses a combined approach of in vitro bioassays, chemical 
analysis and fractionation methods. The combination of fractionation methods to separate 
non-polar, more-polar and polar compounds, respectively, with chemical analysis and 
bioassays demonstrated to be an adequate tool to identify effective compound classes in 
distinct fractions. The evaluation of environmental contaminants is usually limited to priority 
pollutants. However, the investigation of only 33 priority substances is not sufficient, as these 
compounds often do not explain the observed effects in contaminated sites (Brack et al. 
2007). Thus, the identification of compounds responsible for toxicity in environmental 
samples is of major interest in order to update the priority list and hence the further regulation 
of the EWFD (Regueiro et al. 2013). The results of the presented study and several other 
studies using the concept of effect-directed analysis and mass balance calculations concluded 
that NSO-HETs contributes significantly to the ecotoxicological hazard of water bodies, 
sediments and soil samples (Brack et al. 2007, Keiter et al. 2008, Wölz et al. 2008). NSO-
HETs are known to show a large range of (eco-)toxic effects, e.g. acute toxicity, 
developmental and reproductive toxicity, cytotoxicity, photo-induced toxicity, mutagenicity, 
and carcinogenicity (Barron et al. 2004, Brack & Schirmer 2003, Bundy et al. 2001, 
Eisentraeger et al. 2008, Robbiano et al. 2004). 
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In conclusion, the results of the present study clearly show the importance of implying 
sediments in order to achieve the goals of the EWFD. As an enhancement to established acute 
toxicity tests like the FET and SCA, mechanism-specific bioassay can provide more 
information about the observed effects like the expression and activity of CYP1s. Such 
mechanism-specific bioassays are more sensitive and provide results in a concentration range 
a magnitude lower than acute effects occurs. The highest concentration introduced in the 
mechanism-specific bioassays was the LC10-value. Another important aspect was the 
comparative results between the extracts and the freeze-dried samples. On the one hand, the 
investigation of the both Rhine River sediment extracts revealed a higher embryotoxicity and 
EROD activity than the exposure to the freeze-dried sample. On the other hand, the results of 
the Vering canal have shown that the freeze-dried sample can possess a comparable or higher 
toxicity than organic extracts. Therefore, a combined approach is recommended to determine 
the overall and bioavailable hazard potential. This combined approach can avert an 
underestimation or overestimation of complex environmental samples. The identification of 
compounds responsible for the observed toxicity in environmental samples is of major interest 
in order to update the priority list and hence their further regulation (Regueiro et al. 2013). 
These results underline the need of comprehensive analyzes of complex environmental 
samples, and, in particular, to include further and recently determined substance classes of 
concern.
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